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ABSTRACT

Tubular nanomaterials and their composites have been extensively studied in
recent years in the fields o f physics, chemistry, biology, and biomedicine. Carbon
nanotube is the most commonly studied tubular nanomaterial; however, toxicity and high
cost make it less attractive in industry and thus restricts its applications. Halloysite
nanotubes, which are available in abundance in the United States as well as in other
countries around the world, is a low-cost, unique and versatile aluminosilicate mineral
with a chemical formula o f ALSi/jOiotOHlx-nlHhO. Basically, the halloysite tube diameter
is around 50 nm and the length varies with different locations ranging from 0.4-1.5 pm.
The hollow nanotubular structure in the submicrometer range and large specific surface
area provide opportunities for advanced applications in the fields in electronics, catalysis,
biological systems, drug delivery, absorbents and functional polymeric composites. This
dissertation contains the applications o f halloysite in functional nanocomposites:
adsorbent for dyes removal, additive for phase change heat insulating composites related
to the nanotube orientation phenomena were studied. Halloysite nanotubes aligned along
a particular direction were formed both by shear force and casting methods in the droplet
been considethe microchannels.
Halloysite clay has a chemical structure similar to kaolinite, but it is rolled into
tubes with external diameters o f 50-60 nm, lumens o f 12-15 nm and lengths o f ca. 1000
nm. Halloysite exhibits higher adsorption capacity for both cationic and anionic dyes

because it has negative SiC>2 outermost and positive AI2 O 3 inner lumen surface; therefore,
these clay nanotubes have a unique property o f efficient bivalent absorbency. An
adsorption study using cationic Rhodamine 6Ci and anionic Chrome azurol S has shown
two times better dye removal for halloysite as compared to kaolin clay. Halloysite filters
have been effectively regenerated up to 50 times by burning the adsorbed dyes at 350° C.
Overall removal efficiency o f anionic Chrome azurol S exceeded 99.9% for 5th
regeneration cycle o f halloysite. Chrome azurol S adsorption capacity decreases with the
increase o f ionic strength, temperature and pH. For cationic Rhodamine 6G, higher ionic
strength, temperature and initial solution concentration were favorable to enhanced
adsorption with optimal pH 8. The equilibrium adsorption data were described by
Langmuir and Freundlich isotherms, showing that the Langmuir model describes the
process better than the Freundlich model. The maximum adsorption capacity calculated
from the Langmuir model is 43.6 mg/g for Rhodamine 6G and 38.7 mg/g for Chrome
azurol S onto halloysite, and 21.4 mg/g for Rhodamine 6G and 36.7 mg/g for Chrome
azurol S onto kaolinite. The halloysite surface modification with surfactants
(dioctadecyldimethylammonium bromide) and polyelectrolytes (polyethyleneimine)
allowed for varying the organic-inorganic nanocomposite adsorption properties.
Electrically, bivalent halloysite tubule clay has a potential as a low-cost efficient
adsorbent both for positively and negatively charged contaminant removal. Base or acid
treatment of halloysite essentially increased its surface area from 40-50 to ca. 300 m2/g,
which further improves the efficiency of the filtration.
In order to further develop clay nanotube composites with organic materials, we
developed phase change materials (PCMs), which have gained extensive attention in
thermal energy storage. Wax can be used as a phase change material in solar energy

storage but has low thermal conductivity and cannot sustain its shape at higher
temperatures (above phase transition from solid to liquid at 55° C). Introducing 40-50%
halloysite clay nanotubes into wax yields a stable and homogenous phase change
composite (wax/halloysite) with thermal conductivity o f 0.36 W/m-K and no leaking until
70° C (preserving layer-shape above the original wax melting point). To increase the base
thermal conductivity, nanographite and carbon nanotubes were added to the phase change
material composite. Thermal conductivity o f wax/halloysite/graphite (45/45/10%)
composite showed a six-fold conductivity increase to 1.4 W/m-K compared to pure wax
and had no liquid wax leakage until 81° C. Wax/halloysite/graphite/carbon nanotubes
(45/45/5/5%) composite showed thermal conductivity o f 0.85 W/m-K while maintaining
the original shape until 91 ° C. Vectorial thermal energy transfer for double layers o f
different composition was demonstrated: heat flux difference in the opposite directions
differed by 25%. This variance in layer conductivity allows for smart building roof
insulators with increased absorption during hot weather, but limited thermal losses during
periods o f cooler temperatures. The new wax-nanoclay composite is a promising heat
storage material due to good heat capacity, high thermal conductivity, and the ability to
preserve its shape during wax melting. We discovered clay nanotube orientation under
shear force in clay nanotube-wax layered composites and analyzed this phenomenon in
the following chapter.
During drying, an aqueous suspension o f charged halloysite clay nanotubes
concentrates at the edge o f the droplet (“coffee-ring” effect) which provides alignment o f
the tubes along the liquid-substrate contact line. First, the surface charge o f the nanotubes
was enhanced by polyanion adsorption inside o f the lumen to compensate for the internal

positive charges. This increased the magnitude o f the ^-potential o f the tubes from -36 to
-81 mV and stabilized the colloids. Then, colloidal halloysite was dropped onto the
substrate, dried at 65° C, and after a concentration o f -0.05 mg/mL was reached, the
alignment o f the nanotubes occurred starting from the droplet edges. We described the
process with Onsager’s theory, in which longer nanorods, which have a higher surface
charge, give better ordering after a critical concentration is reached. This study indicates
a new application o f halloysite clay nanotubes in polymeric composites with anisotropic
properties, microchannel orientation, and production o f coatings with aligned nanotubes.
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CHAPTER 1
INTRODUCTION

1.1

Motivation and Background

One dimensional nanomaterials, including nanotubes, nanorods, nanobelts, and
nanowires have attracted considerable attention, particularly by virtue o f their unusual
physicochemical, magnetic, optical, electrical, thermal mechanical, and other properties
associated with the unique micro or nano structure [1-3]. To date, most o f the researchers
have focused on carbon nanotubes or metallic nanorods in this area such as Ag, Au,
M 0 S 2 , TiC>2 , ZnO, and WS 2 [2, 4-10]. However, they are not readily available and need
to be synthesized or fabricated, which involves strict and complicated operating
conditions, high cost and often environmental pollution. Inorganic nonmetallic rod-like
materials especially clay minerals such as attapulgite, nanofibers, imogolite, halloysite
nanotubes are naturally occurring nanoclays which have not yet received much attention,
although they can be used as adsorbent, support for immobilization enzyme and catalyst,
encapsulation, nano-confined nanoreactors and nonocontainer [11-13].
Recently, naturally occurring nanostructured clay materials have attracted
increasing attention because o f their environmental friendliness, low cost, low toxicity
and abundant availability. Their applications in biomedicine, nanocontainer, environment
and engineering may be easily scaled up [11-13]. With the fast development of
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nanotechnology, nanotubes have been increasingly investigated due to their sophisticated
architecture and unique electrical, chemical and mechanical properties [11,13, 14].
Hallosite has become a new research focus in the past ten years due to the unique
nanotubular structure which resembles that o f carbon nanotubes but has a larger diameter.
Halloysite is a two-layered aluminosilicate clay mineral, consisting o f positively charged
alumina octahedron sheets in the inner surface and negatively charged silica tetrahedron
sheets in the outer surface with 1:1 stoichiometric ratio [13, 15, 16], The novel physical
and chemical properties stemmed from hollow tubular structure and large specific surface
area provide opportunities for advanced applications in the fields such as catalyst support,
enzyme support, nanocontainer, nanoreactors, template, absorbents, inorganic filler,
molecular sieves, and gas storage [15-21], In contrast with traditional carbon nanotubes,
halloysite is much cheaper and readily obtained in thousands o f tons all over the world
such as China, New Zealand, Turkey, and the USA [15, 17]. Therefore, halloysite
nanotubes have the potential to provide cheap alternatives to the expensive carbon
nanotubes. In this dissertation, we give our study based on organic-inorganic
nanocomposites synergistically combining the properties o f these two classes o f
materials. This allows for more efficient filtration, heat exchange systems and provides
the method and theoretical basis for these clay nanotubes’ orientation in the
microchannels and composite layers.

1.2

Objectives

The objective o f this dissertation is to study the properties and applications of
halloysite nanotubes and their composites. This dissertation is focused on the following
three aspects, including halloysite as bivalent dyes adsorbent with both positive and
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negative surfaces, halloysite as supporter and filler in shape-stabilized phase change
composite materials and related self-assembly phenomenon o f halloysite nanotubes
resulting in their orientation.
Synthetic dyes are widely used in industries such as leather, paper, textile, etc.,
and their discharge into waters causes environmental problems due to their
carcinogenicity, toxicity to aquatic life, and undesirable aesthetic aspect [15, 22].
Adsorption has been considered to be a cost-effective and promising method for the
treatment o f dyes contaminated water. However, many used adsorbents are based on
negatively charged surfaces (such as many clay filters) and are efficient mostly for
positively charged pollutant molecules. In order to develop an efficient and low-cost
adsorbent for both positive and negative dyes removal, “bivalent” halloysite nanotubes
(positive interior and negative exterior) was utilized as adsorbents for both positive dye
Rhodamine 6Cr and negative dye Chrome azurol S in wastewater. Their adsorption
properties were compared with plate-like kaolinite clay. The effects o f adsorbent amount,
pH, temperature and concentration were investigated. The equilibrium adsorption data
were described by Langmuir and Freundlich isotherms to understand the adsorption
mechanism. Halloysite surface was modified with surfactants and polyelectrolytes to
reveal the major forces involved in the adsorption process. Halloysite filters were
regenerated and reused up to 50 times. Base or acid halloysite treatments were used to
increase their surface area to 300 m2/g from 50 m2/g for pristine sample, which further
increased the efficiency of the filtration. The results indicated that natural halloysite can
be utilized as an economical and efficient adsorbent for the removal o f both cationic and
anionic dyes in aqueous solutions.
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There is also an environment related problem o f the increasing demand and
excessive consumption for energy and sustainable development. Organic solid-liquid
phase change materials (PCMs) have attracted considerable attention for storing thermal
energy and controlling temperature by storing and releasing significant latent heat during
the phase change process [23, 24], Paraffin wax was widely employed for thermal energy
storage in many applications due to high heat o f fusion, appropriate melting temperature,
high specific heat capacity, noncorrosive and nontoxic properties [23-25]. However, the
disadvantages o f low thermal conductivity and shape instability (leakage) above the
w ax’s melting point limit its applications [25,26]. To enhance wax thermal conductivity
and form a shape-stabilized material, halloysite nanotubes were dispersed into wax to
yield a network that maintained the composite structure even above the w ax’s melting
temperature. Heat shape stabilization and thermal conductivity o f the nanocomposite was
optimized through the addition o f nanographite or carbon nanotubes. Two shape-stable
layers with different thermal conductivity were combined to produce a novel bilayer
material with preferential heat transfer in one direction (vectorial heat transfer). This
allows designing multilayer composites with heat channeling and directing. The new
wax-nanoclay composite is a promising heat storage material due to good heat capacity,
high thermal conductivity, and ability to preserve its shape during multiple wax
melting/solidification transitions due to temperature change like day/night temperature
variations.
We found that halloysite nanotubes can be oriented in wax along the direction of
movement when pressing the halloysite/wax composite with shear force. This interesting
phenomenon developed for study on the orientational assembly o f halloysite nanotubes.
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The controlled assembly o f anisotropic nanoparticles such as nanorods and nanotubes
allows for their preferential alignment along one spatial direction due to their elongated
shape [27-30]. This phenomena was described in theory by Nobel Prize winner Lars
Onsager, and we used this theory to explain the phenomena o f halloysite clay nanotube
orientaion in the liquid meniscus. Aligned nano-architectures, such as carbon nanotube
arrays, ZnO, and DNA nanowires, have shown better electrical, electrochemical, optical
and electromechanical properties as compared to that o f disordered nanoparticles [29, 3 134],
Halloysite nanotubes can form liquid crystalline phases when dispersed in liquid
[35]. Such ordered liquid crystalline phases may offer opportunities for producing useful
materials with long range well-aligned halloysite nanotubes. There are no comprehensive
studies concerning the large area and highly ordered orientation o f halloysite nanotubes
film. Here, we presented a robust strategy to yield highly aligned halloysite nanotube
films using evaporation-induced droplet-casting. The effects o f the tube’s length and
concentration, pH and ionic strength o f the solvent, and temperature on the orientation
order were systematically explored. Onsager’s theory and “coffee-ring” Marangoni-flow
phenomenon were employed to explain the mechanism o f formation o f oriented films
with halloysite nanotubes. Based on these results, large oriented halloysite nanotubes
arrays were patterned in microchannels. This study indicates new applications of
halloysite clay nanotubes in polymeric composites with anisotropic properties,
microchannel orientation, and the production o f coatings with aligned nanotubes.

1.3

Outline of Dissertation

Chapter 1 is an introduction, which gives the motivation and background o f this
research work. The research objectives and the organization o f this dissertation are
explained as well.
Chapter 2 summarizes the literature review, including structure and properties o f
halloysite clay nanotube and the applications o f halloysite nanotubes in various fields,
such as absorbents for treatment o f wastewater, polymer halloysite nanocomposite,
nanotemplate, catalysts support, and nanocontainer for controlled release.
Chapter 3 presents the materials and instrumentation for experimentation and
analysis.
Chapter 4 investigates the adsorption behavior o f halloysite nanotubes with
positive lumen and negative outermost surface for both cationic dye Rhodamine 6G and
anionic dye Chrome azurol S and compares it with kaolinite. The factors influencing
adsorption, such as adsorbent dose, pH, temperature and initial concentration, were
systematically studied. Halloysite surface was modified with surfactants and
polyelectrolytes to reveal the major forces involved in the adsorption process. These
organic-inorganic nanocomposite filters were regenerated and reused up to 50 times to
study the regeneration properties. Base or acid etching were utilized to treat halloysite to
increase its surface area, which further increased the efficiency o f the filtration.
Chapter 5 develops a new shape-stabilized phase change organic-inorganic
nanocomposite base on wax and halloysite nanotubes. The thermal conductivity, shape
stability, and reusability were studied in detail. Graphite and carbon nanotubes were
added to optimize the shape stability and thermal conductivity of the phase change

composites. Two shape-stable layers with different thermal conductivity were combined
to produce a novel bilayer material with preferential heat transfer in one direction
(vectorial heat transfer). Orientation o f clay nanotubes in wax composites was discovered.
Chapter 6 analyzes the orientation o f clay nanotubes in the composite materials.
We demonstrate the “coffee ring” orientation phenomenon and liquid crystalline behavior
o f halloysite nanotubes in aqueous dispersion at concentrated conditions. Highly charged
halloysite nanotubes can be self-assembled into well aligned structure during controlled
droplet evaporation. The effects o f the tube length and concentration, pH and ionic
strength o f the solvent, and temperature on the orientation order were systematically
explored and explained with Onsager’s theory. Large oriented halloysite nanotubes arrays
were patterned in the microchannels.
Chapter 7 gives the conclusions and summarizes the whole dissertation. Some
future works are proposed and discussed.

CHAPTER 2
LITERATURE REVIEW

2.1

Halloysite Nanotubes

Halloysite is a type o f aluminosilicate clay mineral, which belongs to kaolinite
group and occurs in weathered or hydrothermally altered rock, saprolites, and soil [36], It
has a variety o f morphologies including tubular, spheroidal and platy shapes, and the
most common of which is elongated tubule named as halloysite nanotubes [16, 36],
Halloysite nanotubes are formed by rolling from kaolinite sheets during hydrothermal
process for thousands o f years [36], High surface area, tubular structure,
biocompatibility, relatively low price, and unique physicochemical properties make
halloysite a promising material as an adsorbent for wastewater treatment, nanotemplate
for preparation o f nanowire, nanoreactor for nanoscale reaction, filler/additive for
polymer and plastic, carrier/supporter for catalysts, coating for self-healing and
nanocontainer for entrapment, and controlled release of active agents [16-18, 21, 3 7 45]. Halloysite nanotubes also have been selectively modified or functionalized to
improve their stability and chemical, electronic, and mechanical properties for potential
applications [41,46, 47].
2.1.1

Structure and Chemical Properties o f Halloysite Nanotubes
Halloysite is a typical clay mineral and has the ideal chemical formula of

(ALtSi-iOio (OH)g x nYliO, n - 0 or 2), which is the same as kaolin except for its
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additional water monolayer between multilayers [16, 42]. The hydrated form of
halloysite with n = 2 (10 A-halloysite) may be irreversibly transformed to dehydrated
form with n - 0 (7 A-halloysite) due to water loss when being heated over 90-150° C.
There are 15-20 aluminasilicate layers rolling into multilayer tubule walls with a layer
spacing o f 1 nm for hydrated halloysite and 0.72 nm for dehydrated halloysite [43]. The
size o f the hollow tubular structure o f halloysite nanotubes is 400-2000 nm in length, 1020 nm for the inner diameter, and 50-100 nm for the outer diameter depending on the
deposite [42] (Figure 2-1). Some impurities such as quartz, feldspar and montmorillonite
may exist in halloysite [47]. The color o f pure raw halloysite mineral is white and it can
be yellow, brown or green when Si4+ or Al3+ are substituted by Fe3+, Cr3+ or Ti4+ ions [16,
42].
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Figure 2-1: (a) Raw halloysite mineral, (b) halloysite powder, (c-e) SEM images o f
halloysite, (f-h) TEM images o f halloysite, (i) chemical structure o f halloysite [16, 42,
43],

From a technical perspective, one interesting feature o f halloysite is cylinder with
a very small inner diameter, which is extremely suitable for the molecules loading/release

study. Another one is that halloysite possesses a positive alumina inner surface and
negative silica outer surface, allowing for separate and selective modification o f inner
and outer walls [40]. The surface-potential o f the halloysite falls between that o f silica
and alumina, indicating the predominance o f silica properties on its exterior surface [40,
43] (Figure 2-2). The specific surface area o f halloy site is 40-75 m2/g, pore volume is 1.3
mL/g, refractive index is 1.54, and specific gravity is 2.53 g/cm3 [43].

Aluminum oxide
Halloysite

• -10

-50
•70
pH

Figure 2-2: Zeta-potential for halloysite nanotubes, silica and alumina nanoparticles [40].

2.1.2

Biocompability o f Halloysite Nanotubes
Toxicity o f halloysite has been an important question in view o f its potential

application in drug delivery. Biocompability is one o f the main prerequisites for safe use
o f halloysite in biological and biomedical applications. According to International
Standard Organization (ISO) standards, in vitro cytotoxicity testing is one o f the most
important biological test methods to study the biocompatibility o f a material. Halloysite
has negative silica on the outer surface and positive alumina on the inner surface. In order
to better understand the surface interaction o f halloysite with cells, both negatively
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charged halloysite (raw halloysite) and positively charged halloysite (through coating
with polycations like poly-L-lysine and protamine sulphate) have been used for
cytotoxicity testing on 3T3 and MCF-7 cells, and the results showed no toxic effect on
the cells for over 48 h even with concentrations as high as 100 //g/mL [48]. Vergaro et al.
studied in vitro the interaction o f pristine halloy site and layer-by-layer coated halloysite
with cells, and they found that nanotubes were taken up by cells, and their viability was
maintained at >70% for halloysite concentrations up to 75 n g/mL, suggesting a high
biocompatibility o f halloysite [40]. Lai et al. investigated the toxicity effect o f halloysite
nanotubes to Caco-2/HT29-MTX cells in vitro model o f the large intestine and concluded
that halloysite exhibited a high degree o f biocompatibility characterized by an absence o f
cytotoxicity [49]. Available data shows naturally occurring halloysite is a biocompatible
and environmentally friendly material and does not add risk to the surrounding
environment. Nevertheless, halloysites cannot be injected to the blood stream due to its
non-biodegradability [42],
2.1.3

Selective Functionalization and Modification o f Halloysite Nanotubes
Halloysite is a naturally occurring, non-toxic and biocompatible clay mineral with

a special feature of different surface chemistry at the inner and outer surfaces: positively
charged alumina for the inner surface and negatively charged silica for the outer surface,
which allows for separate and different selective functionalization or modification. Due
to their high surface area, large aspect ratio and hollow structure, halloysite nanotubes
can be combined with a polymer matrix to form low-density nanocomposites, replacing
larger quantities o f macro- or microcounterparts such as glass or carbon fibers [47]. The
hydrophilicity o f both the inner and outer surfaces makes halloysite difficult to disperse
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in hydrophobic polymers, which severely limit its applications. Selective modification
with functional molecules for different surfaces offers great promise for
organic/inorganic composites, such as controlling o f colloidal stability and tuning
hydrophobicity.
Yah et al. developed a method for selective surface modified halloysite nanotubes
by grafting different organic groups through successive reactions with phosphonic acid
(interior) and silylating (exterior) agents (Figure 2-3). The adsorption study showed that
halloysite with hydrophobic modified lumen adsorbs more ferrocene than its hydrophilic
derivative (ferrocenecarboxylic acid) [50]. A rcudi et al. successfully modified the inner
surface of halloysite nanotubes by the cycloaddition o f azides and alkynes (click reaction)
with new molecules which can interact with both the internal surface o f HNTs and each
other through suitable terminal groups to develop a new nanofiller (Figure 2-4) [46].
Results showed that bionanocomposites based on the functionalized nanotubes and
chitosan presented a strong enhancement in the mechanical performances as a result o f
the presence o f fibers of halloysite [46]. Yuan et al. directly grafted 3aminopropyltriethoxysilane APTES onto the hydroxyl groups o f the internal walls, edges
and external surfaces o f the nanotubes, which enhance the potential applications o f
halloysite in the fields o f nanocomposites, enzyme immobilization, and controlled release
[47].

13
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Figure 2-3: Schematic illustration o f bifunctionalization o f the silica-alumina oxide
surface o f halloysite by ODP and subsequent AEAPS silylation [50].

Figure 2-4: Schematic o f the synthesis process o f functionalized halloysite [46],

The lumen volume o f halloysite is ca. 10% o f the tube, which constrains many
applications o f the halloysite nanotubes. Enlargement o f the lumen size will allow higher
amounts o f active chemicals loaded into the halloysite lumen. Additionally, the larger
lumen could provide more active sites to effectively anchor or encapsulate the functional
molecules within the tube’s inner space, which also improves the mechanical properties
o f the clay-polymer composites [41]. Zhang et al. systematically investigated the acid
treatment effects o f halloysite by sulfuric acid on the structure, morphology, and porous

characteristics o f halloysite and found that the crystal structure o f halloysite was
destroyed, while the BET surface area and pore volume were enhanced by acid treatment.
Hence, pH plays a key role in the adsorption process of acid treated halloysite for
methylene blue (MB) [51]. White et al. studied the long term chemical stability o f
halloysite nanotubes at room temperature in acidic and basic aqueous suspensions.
Results revealed that in 1 M H 2 SO 4 solution, the dissolution o f halloysite is
initiated on the inner surface of the nanotubes, leading to the formation o f amorphous
spheroidal nanoparticles o f SiCh, whereas in 1 M NaOH solution, dissolution o f the inner
surface o f nanotubes is accompanied by the formation o f Al(OH ) 3 nanosheets (Figure 25) [52]. Acid treatment provides a convenient method to increase the surface area and
pore volume significant to the alteration o f the shape with the incorporation o f Si0 2
nanoparticles inside the hollow cavity o f the halloysite nanotubes. Concentrated base
treatment has the ability to make halloysite tube walls thinner without generating SiC>2
nanoparticles inside the tubes, which prove useful in applications where a larger internal
diameter is required, such as the encapsulation o f large protein or DNA molecule [52].
Abdullayev et al. reported an essential increase o f halloysite lumen diameter from 10-15
to 25-30 nm by selective etching o f alumina sheets within its lumen with acid treatment,
preserving the clay tubular shape and outer diameter, which could increase the loading
efficiency o f silver acetate and anticorrosion benzotriazole (Figure 2-6). Results showed
that alumina removal from the nanotubes took place in three steps: diffusion o f hydrogen
ions into the inner lumen, chemical reaction with alumina on the tube’s inner wall, and
transport o f the reaction products out o f the lumen [41],
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Figure 2-5: Scheme o f transformation o f halloysite nanotubes in strong acid and alkaline
solutions leading to formation o f amorphous nanoparticles o f SiCh and amorphous
nanosheets of Al(OH) 3 , respectively [52],
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20% alumina etched
2 0 % alum ina e tc h e d

Lum en d ia m e te r (nm)

Outer dia me te r (nm)

Figure 2-6: TEM images of (a) pristine halloysite and (b) after 20% alumina etched by
H 2 SO 4 ; Histogram o f (c) lumen diameters and (d) external diameters for pristine and
20% alumina etched halloysite (based on 200 tubes’ measurements) [41].
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2.1.4

Colloidal Stability o f Halloysite Nanotubes in Aqueous Solution
The functionalization o f halloysite nanoparticles has been explored to improve the

nanoparticles’ dispersibility and stability in an aqueous media. The inner and outer
surfaces o f the halloysite nanotubes were selectively modified to improve the adsorption
for ferrocene [50]. Stable dispersions o f halloysite in pectin solution were formed by
pectin wrapping [53]. C avallaro et al. selectively functionalized the inner and outer
surfaces o f halloysite nanotubes by adsorption o f anionic surfactant sodium
dodecanoate (NaL) and cationic surfactant decyltrimethylammonium bromide
(DeTAB). Results showed the adsorption o f anionic surfactant into the halloysite lumen
increased the net negative charge o f the nanotubes, which enhanced the electrostatic
repulsions and consequently the dispersion stability (Figure 2-7) [54],

DeTAB
Unstable aqueous
dispersion

Clay n a n o tu b e

NaL

Stable aqueous
dispersion
DeTAB/ M N's

HNTs

NaL/HNTs

0 h o u r s a f te r m ixing

DeTAB/HNTs

MNTs

NaL/HNTs

4 0 h o u rs a f te r m ixing

Figure 2-7: Illustration of the hybrid surfactant/halloysite and stability photographs o f
halloysite and surfactant/halloysite (1 wt%) in water [54].
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2.1.5

Intercalation o f Halloysite Nanotubes
The ability o f the halloysite to intercalate salts and organic compounds has

significant potential for scientific and industrial applications since intercalation leads to
layer expansion [16]. Drying the mineral from a salt solution or grinding the mineral with
the solid salt could get intercalated halloysite, including K Cs, NH 4 and Rb salts [16].
Intercalation o f organic compounds, such as ethylene glycol (EG), dimethylsulphoxide
(DMSO), formamide (FA), hydrazine and urea, are favored with hydrated halloysite.
Research also showed that

10

A halloysite can be recovered when the complex o f 7 A

halloysite with EG is treated with water. DMSO intercalation with halloysite layers
produced a strong bonding energy, which could be strong enough to unroll the tubes [16].

2.2

Application Perspectives of Halloysite Nanotubes

Halloysite, as a low-cost and environmentally friendly clay mineral, has a high
surface area, an elongated tubular shape with lumen and oppositely charged inner and
outer surface, which can serve as an adsorbent, nanocontainer, catalyst, and so on [17,
19-21]. Among the possible applications o f halloysite nanotubes, the following areas o f
application are o f special interest: ( 1 ) adsorbent for wastewater treatment; ( 2 ) polymer
fillers for mechanical strength, thermal stability and flame retardant enforcement; (3)
nanotemplates for nanoconfined synthesis o f rod-like nanoparticles; (4) catalytic
materials or catalysts’ support for immobilization o f enzymes or metals; (5)
nanocontainer for controlled release o f anticorrosion agents, drugs, and enzymes.
2.2.1

Halloysite as Adsorbent for Wastewater Treatment
Halloysite is considered as an excellent and inexpensive adsorbent for heavy

metal ions, dyes and other toxic pollutants or contaminates because o f its abundant
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availability, high surface area and environmental friendliness. Halloysite has been used as
nano-adsorbents for the removal o f cationic dyes from aqueous solutions, such as
methylene blue, neutral red, and malachite green from aqueous solutions [15, 55-59],
However, few studies have focused on the removal o f anionic dyes by halloysite due to
the negatively charged surface. Heavy metals such as Cr(VI), Pb(II), Cd(II), Zn(II), and
Cu(II) can also be removed by pristine or modified halloysite [60, 61], Some other
organic contaminants, including 5-amino salicylic acid, naphthalene, were removed by
halloysite and cationic surfactant hexadecyltrimethylammonium modified halloysite [62,
63], Owing to its large surface area, high adsorption efficiency, environmental
friendliness, low cost and abundantly available, halloysite has become a promising
alternative for other traditional adsorbents.
2.2.2

Polymer Nanocomposites
With the rapid development o f nanotechnology, polymer nanocomposites have

become a prominent area o f current research and development. Exfoliated clay-based
nanocomposites have dominated the polymer literature attributed to increased tensile
strength, flame retardancy, and reduced thermal expansion [13]. However, many clays
(kaolinite and montmorillonite) have poor incompatibility with hydrophobic polymers
due to their hydrophilic surface and platy structure [13]. This process often involves long
time exfoliation and modification o f the clay minerals with surfactants or organosilanes
to obtain hydrophobic surface for better dispersion.
Since tubular halloysite nanotubes do not require exfoliation or intercalation due
to the absence o f the stacked platy sheets and low surface charges, they offer a great
promise to give homogeneous particle dispersion in polymer matrix compared to other
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two-dimensional nanoclay fillers such as montmorillonites. Modification o f halloysite
surface with silane further enhance possibility to produce a homogeneous mixture of
halloysite with polymers during blending and the large lumen diameter can accommodate
different polymer molecules [18, 64]. Mechanical properties, thermal stability and fire
retardancy o f the nanocomposites were reported to improve remarkably by the
incorporation or addition o f halloysite as a nanofiller into various polymers like
polypropylene, epoxy resin, and rubber [13, 64].
Polypropylene is an important thermoplastic polymer used in a variety of
applications including cable, film, pipe, and container due to high resistance to many
chemical solvents, bases and acids. However, low strength, low softening point, and
flammability limit its wide application. Simultaneously, it is necessary to modify
polypropylene to get improved mechanical properties, flame retardancy as well as
thermal stability. Du et al. reported that incorporation o f 5% halloysite in polypropylene
significantly increased the flexural modulus on 35% while tensile strength was improved
by 6.1%. Silanization o f halloysite not only facilitated the dispersion o f halloysite in
polymer matrix but also enhanced the interfacial bonding, thus further improving the
mechanical strength o f polypropylene [65]. Thermal stability and flame retardant effect
o f the polymer could also be improved by incorporation o f halloysite. Melt blending of
halloysite and polypropylene resulted in enhanced thermal stability and reduced
flammability o f halloysite/polypropylene, which attributed to the halloysite barriers in
heat and mass transport as well as the presence o f iron in halloysite [66]. The thermal
insulation barrier at their surface during burning could either retard the burning without
stop or more often double the total burning time [64].
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Halloysite can increase the fracture toughness, strength and modulus o f epoxy
without losing their thermal properties. Mixing halloysite with epoxy under severe shear
stresses may break up the agglomerates to achieve a homogenous dispersion, which
cannot be eliminated by applying conventional mechanical blending (ultrasonic vibration
or magnetic stirring) [64]. Deng et al. demonstrated that ball mill homogenisation and
potassium acetate treatment were effective approaches to reduce the size o f halloysite
particle clusters in the epoxy matrix [67]. Liu et al. found that the coefficient o f thermal
expansion o f the epoxy was substantially reduced and the moduli o f the epoxy in the
glassy state and rubbery state were significantly enhanced by the addition o f a small .
amount o f halloysite compared with the plain cured resin [68],
Rubber is used extensively in many applications either alone or in combination
with other materials. T he reinforcement o f rubbers by particulate materials such as
carbon black and silica has been extensively studied. Basically, rubber/layered clay
nanocomposites exhibit outstanding mechanical properties as well as lowered
permeability [64]. Ismail et al. employed both mechanical and solution mixing method to
prepare halloysite/natural rubber nanocomposite and found that the addition o f halloysite
caused an increment in scorch time, cure time and maximum torque for both mixing
methods. Nanocomposites prepared by the solution mixing method showed higher tensile
strength, tensile modulus, fatigue life and decomposition temperature at a lower
percentage o f weight loss than the mechanical mixing method [69]. Inclusion of
halloysite into styrene-butadiene rubber promoted the dispersion and orientation o f
halloysite nanotubes in polymer matrix and strengthened the interfacial interactions via
hydrogen bonding and covalent bonding, and thus resulting in increased the mechanical
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properties o f nanocomposites like hardness and modulus [70]. The results suggest that
these nanocomposites exhibit remarkable performance such as reinforcing effects,
enhanced flame retardancy and reduced thermal expansion. Accordingly, halloysite
should be o f interest in the area o f polymer nanocomposites for structural and functional
applications.
2.2.3

Nanotemplates for Synthesis Nanoparticles or Nanorods
Having a tubular structure, high aspect ratio, and nano-sized inner lumen,

halloysite is considered as an ideal template for the synthesis o f metallic nanorods or
nanoparticles. Metallic nanoparticles, nanorods or nanowires have extraordinary
electronic, magnetic, and catalytic properties because o f their nanoscopic size and shape.
Tubular halloysite has been used as a template to fabricate metallic Ni film or
nanoparticles through the process o f electroless plating [71]. Silver nanorod has been
obtained by rapid thermal decomposition o f silver acetate loaded halloysite at 300° C.
Periodicity o f the lattice was approximately 0.32 nm (Figure 2-8) [21]. The addition o f
such silver nanorods into the paint resulted in antimicrobial properties with synergistic
enhancement o f the coatings’ tensile strength [21]. Partial decomposition o f silver acetate
at 100° C prior to washing it with DI water and complete decomposition at 300° C
produced arrays o f the silver nanoparticles on the halloysite’s external surface as shown
in Figure 2-9 [13].
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Figure 2-8: TEM images o f silver nanorods synthesized by thermal reduction o f silver
acetate loaded in the halloysite lumen [21].

Figure 2-9: SEM and TEM images o f 5-30 nm diameter silver particles on halloysite
[13].

2.2.4

Support for Immobilization o f Catalysts
Catalysts such as enzyme and metallic nanoparticles play a vital role in industries

including fine chemicals, energy and fuels, pharmaceuticals and food processing.
Currently, about 90% o f chemical manufacturing processes and more than 20% o f all
industrial products involve catalytic steps [72]. Immobilization o f catalysts onto solid
surfaces have many advantages than pure catalysts, such as easy catalyst separation and
recovery, regeneration, high selectivity, environmental friendliness, and low cost.

23

Halloysite nanotubes offer unprecedented potential for the immobilization o f the catalysts
because o f their large pore spaces, ordered pore sizes, and relatively homogeneous pore
surfaces.
Enzyme biocatalysts has been used in a wide range o f applications. However,
application o f this enzyme is often hindered by its short catalytic life, difficult to recover
and recycle. Enzyme immobilization can effectively solve this problem with appropriate
supports. Compared with organic support materials, inorganic materials possess high
stability, resistibility against microbial attacks and organic solvents, disposability and
reusability. Halloysite has suitable pore size and large surface area, which offers higher
reactivity and higher cationic exchange capacity as compared to other clays. Therefore, it
makes halloysite a potentially useful support for the immobilization o f catalytically active
molecules [72].
The interactions between halloysite and the solid substrates could be covalent
binding, electrostatic interaction, adsorption, and encapsulation. Zhai et al. utilized
natural halloysite nanotubes to immobilize two typical industrial enzymes a-amylase and
urease into the channels o f the nanotubes through simple physical adsorption. Results
showed that the immobilized enzymes exhibited thermal stability, good storage stability,
and reusability. Both immobilized enzymes retained more than 80% activity after heating
for 60 min and remained more than 90% activity after storing for 15 days [20]. Modified
halloysite could improve the loading ability o f the enzyme due to chemical bonding.
Chao et al. used dopamine modified halloysite to immobilize enzyme laccase and found
that the loading ability for laccase increased up to 168.8 mg/g support, which was greatly
higher than that on the pristine halloysite (11.6 mg/g support). The immobilized laccase
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exhibited a rapid degradation rate and high degradation efficiency for the removal o f
phenol compounds [73].
Other catalysts such as metalloporphyrins, Ag, Fe, Ni, Ru, Pt, Pd, and Au can also
be immobilized onto halloysite to improve their catalytic performance [74].
Metalloporphyrins such as those o f iron (III) and manganese (III) are macrocyclic
complexes with the capability o f oxidation o f hydrocarbon. However, the problem o f
degradation after termination o f oxidative reaction hinders their application.
Immobilization of metalloporphyrins onto silica, kaolinite and other matrices could solve
this problem [64]. Having a tubular structure and high surface area, halloysite provides
vast opportunities for immobilization o f metalloporphyrin. It takes place not only at the
surface, but also inside the tubes, thus leading to highly active and selective oxidation
catalysts. Immobilization o f metalloporphyrin on halloysite can be performed by either
under pressure or under stirring/reflux [75]. Upon immobilization, these
metalloporphyrins retained their activity as well as selectivity. Metallic nanoparticles are
used extensively because o f their utility in various catalytic reactions. In order to reuse
•the catalysts after termination of reaction or to enhance the catalytic properties of
catalysts, it is essential to immobilize nanoparticles on inert supports [74],
2.2.5

Nanocontainer for Controlled Release
Halloysite nanotubes have gained substantial interest due to their high loading

capability, ability to control release and biocompatibility, which makes it as a
nanocontainer for drugs, proteins, and other biological agents. Halloysite nanotubes can be
used for the biological application without any special processing. Halloysite nanotubes
have been used for loading and the subsequent sustained release o f different drugs,
including nifedipine (antianginal), furosemide (antihypertension), and dexamethasone
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(corti-costeroid) [76]. The release curves o f drugs and the corrosion inhibitor
benzotriazole from halloysite showed that halloysite could increase the release time 50100 times compared with that o f microcrystals (Figure 2 -10) [76]. Wei et al. found that
PMMA bone cement doped with 5-7 wt% gentamicin-loaded halloysite nanotubes
provided slow release o f gentamicin for about 100-300 hours without losing the
mechanical strength o f the composite (Figure 2-11) [77],
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Figure 2-10: Comparison o f release curves from halloysite with nonencapsulated crystals
[76].
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Controlled release has also been achieved using several methods like silanization
o f lumen to alter inner wall hydrophobicity or synthesis o f artificial caps at tube ends.
Wei et al. formed a benzotriazole-copper coating on halloysite nanotubes, which allowed
additional encapsulation o f brilliant green providing for longer sustained release time
from 50 to 200 hours (Figure 2-12). Antibacterial efficiency o f brilliant green in clay
nanotubes with stopper was tested on Staphylococcus aureus cultures and antibacterial
action extended up to 72 hours [78]. Shchukin et al. loaded halloysite lumen with
corrosion inhibitors (2-mercaptobenzothiazole) and layer-by-layer covered outer surfaces
with polyelectrolyte multilayers, and then introduced it into the hybrid films. The sol-gel
film revealed enhanced long-term corrosion protection because o f the self-controlled
release o f the corrosion inhibitor [37].
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Conclusions

Halloysite nanotubes, having high surface area, high aspect ratio, low hydroxyl
groups, biocompatibility and tubular structure, offer great promise for industrial
applications, including wastewater treatment, polymer nanocomposites for enhanced
mechanical and thermal properties, nanotemplate, catalysts support, controlled sustained
release, and others. Their different internal and external chemistry also allows different
modifications o f the tube lumen and outermost. Naturally occurring halloysite is readily
available in thousands o f tons and does not require complicated processing and
exfoliation compared with other clay minerals. Further investigation o f halloysite will be
beneficial for advanced composite materials, especially in polymer, coating, and
petroleum industries.

CHAPTER3
MATERIALS AND INSTRUMENTATION FOR
EXPERIMENT AND ANALYSIS
This chapter describes the materials and instrumentation used in this study.

3.1

Materials

Halloysite with a length o f ca. 0.6 pm was obtained from Applied Minerals, Inc.
without further treatment. Halloysite with a length o f ca. 1.5 pm was purchased from
Henan Province (China). Kaolinite was purchased from Sigma (USA) and used without
pretreatment. Paraffin wax was utilized as the primary phase change medium in the
preparation o f the composites. Graphite nanoparticles (99.9%) and multiwall carbon
nanotubes (95%) were purchased from U.S. Research Nanomaterials, Inc. Other
chemicals used in this dissertation were all analytical grade and purchased from SigmaAldrich without further treatments before use.

3.2
3.2.1

Instrumentation

UV-Vis Spectrophotometer
UV-Vis Spectrophotometer (Agilent, 8453) was used to study the removal

efficiency and adsorption capacity o f halloysite for dyes by determining the concentration
o f solution under the maximum adsorption wavelength. The image o f UV-Vis
Spectrophotometer is shown in Figure 3-1.
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Figure 3-1: UV-Vis Spectrophotometer (Agilent Technology, 2012).

3.2.2

Contact Angle Measurement
Contact angle experiments were performed by utilizing an optical contact angle

apparatus (OCA 20, Data Physics Instruments) equipped with a high-resolution CCD
camera and a high-performance digitizing adapter to study the evaporation kinetics o f the
droplet, as shown in Figure 3-2.

Figure 3-2: Contact-Angle Measurement (Software: Data Physics, Future Digital
Scientific Corp, 2005).
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3.2.3

BET Surface Area and Porosity Analyzer
Figure 3-3 shows the image o f BET surface area and porosity analyzer (Nova

2012, Quatachrome Instrument). We used it to measure the surface area and pore size o f
halloysite and kaolinite.

Figure 3-3: Nitrogen & Helium Porosimeter (Nova 2012, Quatachrome Instrument)

3.2.4

Thermo Gravimetric Analyzer
Thermogravimetric analysis was performed using TGA Q50 (TA Instruments)

under nitrogen flow o f 25 cm3/min for the sample and 10 cm3/min for the balance, in
which the mass o f a substance was monitored as a function o f temperature or time as the
sample specimen was subjected to a controlled temperature program in a controlled
atmosphere (Figure 3-4).
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Figure 3-4: Thermal Gravimetric Analyzer (TGA, Q50).

3.2.5

Nano Particle Size and Zeta Potential Analyzer
Zeta potential and dynamic light scattering (DLS) measurements were carried out

by utilizing the microelectrophoretic ZetaPlus Potential Analyzer (Brookhaven
Instruments) at 25.0 ± 0.1° C as shown in Figure 3-5.

Figure 3-5: ZetaPlus Potential Analyzer (Brookhaven Instruments Corporation).
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3.2.6

X-Ray Diffraction system
The X-ray diffraction system (Bruker-D8) was shown in Figure 3-6. X-ray

diffraction uses x-ray scattering techniques for halloysite and functionalized halloysite
characterization and quality control o f crystalline or non-crystalline material.

Figure 3-6: X-ray Diffraction Instrument (Bruker-D8).

3.2.7

Polarizing Optical Microscope
The Olympus BX-50 polarized light microscope under crossed polarizers was

used to investigate the samples during a 360° rotation o f the samples (Figure 3-7). We
captured the images with a microscope-mounted digital camera (Olympus C-4000
Zoom).

Figure 3-7: Polarizing Optical Microscope.

3.2.8

Scanning Electron Microscope
Field emission scanning electron microscopy was done with Hitachi S-4800 FE-

SEM, operating at the secondary electron imaging mode at an accelerating voltage o f 1-3
kV (Figure 3-8). The samples were mounted on a specimen holder (stub) glued with
carbon tap for scanning electron microscopy (SEM) observations in the secondary
electron imaging mode All the samples had been mildly annealed to reduce charging
effects before being put into the SEM chamber.

Figure 3-8: Scanning Electron Microscope (Hitachi S-4800).
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3.2,9

Transmission Electron Microscope
Transmission electron micrographs (TEM) were obtained with a Zeiss EM 912

microscope equipped with a CCD camera operating at 120 kV. The image o f TEM was
shown in Figure 3-9.

Figure 3-9: Transmission Electron Microscopy.

CHAPTER 4
HALLOYSITE NANOTUBULE CLAY FOR
EFFICIENT WATER PURIFICATION
Halloysite has been used as an adsorbent for dyes, heavy metals and organic
pollutants wastewater treatment. In this chapter, both positive and negative dyes were
removed by halloysite due to the oppositely charged inner and outer surfaces, and the
results were compared with that o f kaolinite. This chapter is based on our published
paper: Yafei Zhao, Elshad Abdullayev, Alexandre Vasiliev, and Yuri Lvov. “Halloysite

Nanotubule Clay for Efficient Water Purification." Journal o f Colloid and Interface
Science, 2013, 406,121-129 [79]. I am the first author and results published in this paper
are only presented in my dissertation.

4.1

Introduction

Dyes and pigments from textiles, printing, paper, plastics, leather and pulp
productions are often toxic and environmentally unsafe, and the discharge o f colored
effluents from these industries wastewater is needed [22, 80]. Precipitation, coagulation,
membrane separation, photo-degradation, ion exchange, and adsorption have been
extensively exploited for dyes-contaminated wastewater treatment [81-84], Among them,
adsorption has received increasing attention due to high efficiency, environmental
friendliness, low cost, easy operation, and insensitivity to toxic substances and the
possibility o f the materials recycling. Many low-cost mesoporous adsorbents have been
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tested including zeolites, kaolinite, and montmorillonite clays, banana peel, saw dust, fly
ash, and other materials [22, 82, 85-89]. However, none o f the above materials show
high adsorption capacity for both positive and negative dyes.
Recently, halloysite nanotubes, economically viable clay mineral, attracted a great
interest due to their hollow tubular structure, high surface area, and unique surface
properties. Halloysite is a naturally occurring 1:1 dioctahedral aluminosilicate clay
mineral chemically similar to kaolinite. A comparative study on structure and
morphology o f halloysites from six different natural deposits have been presented in a
recent paper and their potential as nanoadsorbents, fillers in polymer composites and
containers for loading active agents was demonstrated [90]. Halloysite nanotubes with ca.
50 nm diameter, 10 nm lumen and 1 pm length are formed by rolling kaolinite sheets
during the natural hydrothermal process [21, 48, 76, 77, 91, 92]. Halloysite tubes have
multilayer walls with negatively charged Si-OH on the outer surface and positively
charged Al-OH on the inner surface (at pH between 4 and 9) and do not require
exfoliation, contrary to the kaolinite plate-like morphology. This unique bivalent
morphology with spatially separated negative and positive surfaces makes halloysite tube
a promising absorbent for a variety o f pollutants, both positive and negative [15, 93-96].
The adsorption properties o f halloysite with cationic dyes and heavy metal ions
were reported, but anionic dye adsorption was not studied though it may be specifically
controlled with its positively charged lumen. Halloysite can be modified by silane
coupling agents, surfactants, metal complexes and polyelectrolytes for higher adsorption
capacity [17, 59, 97]. We present here the halloysite adsorption study o f cationic dye
Rhodamine 6G and anionic dye Chrome azurol S and its comparison with kaolinite clay
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adsorption. Comparison of adsorption isotherms for two mesoporous materials with
similar chemistry but different morphology (tubule and plate) was performed in
dependence on adsorbent dose, pH, temperature, and initial concentration. The
halloysite’s surface was modified with surfactants and polyelectrolytes to reveal the
major forces involved in the adsorption process.

4.2
4.2.1

Experimental and Methods

Materials
Halloysite from Applied Minerals, Inc. (USA) was used without further treatment.

Kaolinite was purchased from Sigma (USA) and used without pretreatment. The structure
o f HNT and kaolinite was shown in Figure 4-1. Analytical reagent grade Rhodamine 6 G
(C 2 8 H 3 JN2 O 3 CI) and Chrome azurol S (C 23 H i 6 Ci2 0 9 S-3 Na) were purchased from SigmaAldrich Chemicals. Other chemicals used are poly(ethyleneim ine) (PEI), poly(4styrenesulfonic acid) (PSS), hexadecyltrimethyl ammonium bromide (HDTMA),
poly(diallyldimethyl ammonium chloride) (PDDA), sodium dodecylsulfate (SDS) and
dioctadecyldimethyl ammonium bromide (DODAB), hydrochloric acid (HC1), sodium
hydroxide solutions (NaOH) and sodium chloride (NaCl), all analytical grade reagents.
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Figure 4-1: Tubule halloysite and platy kaolinite structures [79],
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Stock solutions (1000 mg/'L) were prepared by dissolving Rhodamine 6G and
Chrome azurol S in deionized water. One molar solutions o f HC1, N aOH and NaCl
were used for pH and ionic strength adjustments,
4.2.2

Preparation o f Modified Halloysite

4.2.2.1

Preparation o f DO DAB, HDTMA and SDS M odified Halloysite
250 mg DODAB was dissolved in 25 mL o f deionized water. Then 500 mg o f

halloysite was immersed into the as-prepared solution with continuous stirring and the
mixture was kept for 12 h at 60° C with vigorous magnetic stirring. Solid powder was
centrifuged, washed with ethanol and deionized water and dried 24 h at room temperature
under vacuum. Following the similar procedure, HDTMA and SDS modified halloysite
samples were obtained. The mixing ratios o f halloysite:HDTMA:H20 and
halloysite;SDS;H20 were 20:5:1 and 10:5:1, respectively. The final products were
denoted as DODAB-Halloysite, HDTMA-Halloysite and SDS-Halloysite.
Preparation o f PEI, PSS and PEI/PSS M odified Halloysite

4.2.2.2

The layer-by-layer (LbL) self-assembly method was employed to prepare PEI,
PSS and PEI/PSS modified halloysite tubes. LbL assembly is based on alternate
adsorption o f oppositely charged species (such as polycations and polyanions) with wash
steps in between. Deposition o f polyelectrolyte was confirmed with changing of
electrokinetic ^-potential o f the halloysite nanotubes in colloidal dispersion. Since
halloysite is negatively charged at neutral pH, its outer surface could be modified by
positively charged species and its inner surface could be modified by negatively charged
species.
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To prepare polyelectrolyte (PEI or PSS) modified sample, 1.0 g o f halloysite was
dispersed in 20 mL o f 0.5 wt% solution o f PEI or PSS and kept for 20 min. After that,
halloysite was separated by centrifugation at 7000 rpm for 1 min, washed with deionized
water and dried under vacuum for 24 h. Sample was denoted as PEI-Halloysite (or PSSHalloysite). For sequential PEI/PSS modification (PEI/PSS-Halloysite), initially prepared
PEI-Halloysite was immersed into solution o f PSS for 20 min and then washed with
water and dried.
4.2.3

Characterization
Fourier transformed infrared spectroscopy was performed with Nicolet Nexus 470

FTIR spectrometer using KBr pellets in the range o f 400-4000 cm '1to observe clay
surface functional groups. Field emission scanning electron microscopy was done with
Hitachi S-4800 FE-SEM, operating at secondary electron imaging mode at 1-3 kV.
Transmission electron micrographs (TEM) were obtained with a Zeiss EM 912
microscope equipped with a CCD camera operating at 120 kV. Nitrogen adsorptiondesorption isotherms were measured with NOVA 2200, Quanto Chrome Instruments at
77 K for the specific surface area estimations with the BET (Brunauer Emmett Teller)
technique. Thermogravimetrical analysis (TGA) and Differential scanning calorimetry
(DSC) were carried out using Q50 Thermal Analyzer (TA Instruments) at 25-600° C
range in N 2 atmosphere. Samples were heated at 10° C/min rate. The electrical surface (3potential o f microparticles was measured at room temperature with Brookhaven Zeta Plus
analyzer.
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4.2.4

Dyes Adsorption Experiments
The batch experiments were carried out in 2 mL centrifuge tubes containing 1 mL

o f dye solutions and 2 mg adsorbent clay (except for the study o f the adsorbent dose
effect on dye adsorption, in which the amount o f clay indicated within the context). The
tubes were left at 20-60° C to reach equilibrium on dye adsorption. Then tubes were
centrifuged for 5 min at 14000 rpm and the concentration o f supernatant was determined
using UV-Vis Spectrophotometer (Agilent, 8453). The removal efficiency (R , %) and the
amount o f dyes adsorbed at equilibrium (qe, mg/g) were calculated by using Eq. 4-1:
„ 1 0 0 C Q -C J
R = ----------------Q
= 1,000 t c 0

C„)F

w _
Eq. 4 -la

Eq>4. l b

M

where Co and Ce (mg/L) are the initial and equilibrium concentrations o f dyes solution; V
(L) is the volume o f dyes solution and M (mg) is the weight o f adsorbents. Strong UV
adsorption o f dyes allows the determination o f their concentration at ranges down to ppm
levels and hence provides very precise determination o f the removal efficiency (up to
three decimal points).
4.2.5

Water Filters and Regeneration Study
The water filter system was set up as in Figure 4-2. One gram o f adsorbent clay

was added to the water filter and cellucotton was used to block the adsorbent powder.
The system was kept at 20° C. 300 mg/L Rhodamine 6G and Chrome azurol S dyes
solution were studied in the system and dyes concentration were determined after
filtration, respectively.
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Figure 4-2: Diagram o f water filter system [79].

In order to study the reusability o f halloysite, the used adsorbents were dried
under 60° C in the oven and burned at 300° C. After that, the burned samples were reused
as adsorbents in the water filter system and dyes concentration were measured again after
filtration. The adsorption-buming-adsorption cycle were repeated five times.
4.2.6

Adsorption Isotherms
Both Langmuir and Freundlich models were used for the fitting experimental

data. The linear form o f Langmuir equation is given in Eq. 4-2:
Ce

1

j_

Ce

Eq. 4-2

where qe (mg/g) is the equilibrium amount o f dyes adsorption by halloysite or kaolinite,
Ce (mg/L) is the equilibrium dyes concentration in the solution, qm (mg/g) is the
maximum adsorption o f dyes and K l (L/mg) is the Langmuir constant related to the
enthalpy o f the process; qm and K l can be calculated from the slope and intercept o f the
plot o f Ce/<7e versus Ce, respectively. The dimensionless constant separation factor (R l)
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can be used to evaluate whether the adsorption process is favorable or unfavorable, which
is calculated using Eq. 4-3:

1

R, = ------------

1+

k lc

Eq. 4-3

0

where K l is the Langmuir constant and Co is the initial concentration o f dyes. It
represents favorable adsorption process when 0 <Ri< 1; unfavorable adsorption if R l > 1;
linear adsorption when R l - 1; and irreversible adsorption in the case o f R l - 0.
The linear form o f Freundlich equation can be written as Eq. 4-4:
log qe = - log Ce + log K F
n

Eq. 4-4

where K l (mg/g (mg/L)17”) and n is the Freundlich constant related to the adsorption
capacity and intensity, Ce (mg/L) is the equilibrium dyes concentration. K l and 1In can be
calculated by plotting logge verses logCe. Higher value for K l reflects higher affinity for
dyes, and it indicates a favorable adsorption when 0.1 < l/n < 1, whereas unfavorable
adsorption takes place when l/n > 1 [98].

4.3
4.3.1

Results and Discussion

Structure Properties and Surface Chemistry o f Halloysite and Kaolinite
Both the textural properties and the surface chemistry affect the adsorption

behavior o f an adsorbent and comparative study o f halloysite and kaolinite are allowed
their specification. Halloysite formed o f rolled alumosilicate sheets with an ideal formula
o f Ab.Si2 0 5 ( 0 H ) 4 x «H20 , and it is similar to kaolinite with additional water between the
adjacent layers. When raw halloysite is mined from the deposits, it has a hydrated form
with n = 2, and after drying at an elevated temperature, it irreversibly loses water
transforming into a more common product called halloysite-7

A (indicating its interlayer

dw/-spacing) or just halloysite [21, 76, 90, 91]. XRD and SEM analysis showed that the
halloysite sample is comprised o f over 99% percent o f tubes with minor amounts of
quartz as an impurity (Figures 4-3 and 4-4), Elemental composition was as follows:
46.1% SiC>2 , 38.7% AI2 O 3 , 0.2% CaO, 0.1% Fe2 0 3 , and 14.6% loss on ignition.
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Figure 4-3: XRD analysis o f halloysite nanotubes.

Figure 4-4: (a-b)TEM images o f halloysite empty lumen and multilayer walls, (c) SEM
image o f submicron halloysite tubes, (d) SEM image o f 1-10 pm kaolinite plates [79],
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Halloysite has a cylindrical shape with a hollow open-ended lumen o f 0.5-1 pm in
length (Figure 4-4a-c). The multilayer tubule wall is comprised o f 15-20 aluminosilicate
sheets packed with 0.72 nm spacing. The inner and outer diameter o f halloysite is in the
range o f 10-20 nm and 40-60 nm, while the wall’s thickness is 15-20 nm. The inner pores
o f the halloysite carry a positive charge due to the aluminum oxide surface chemistry,
while the outer face is negatively charged due to the silica (Figure 4-1). Multilayer walls
with oppositively charged faces are effectively blocked for the adsorption o f large
molecules (with Mr over 300 Da) due to the strong interlayer hydrogen bonds [13].
Kaolinite has a base shape with a lamellar structure, and the plate size o f kaolinite is
estimated to be 1-10 pm (Figure 4-4d).
The specific surface area o f the halloysite is 40.2 m2/g and that o f kaolinite is 21.3
m2/g. ^-potential o f the samples at pH 3-11 was negative and the zero-point o f charge
(pHZpC) of the halloysite was at pH = 2.8 (Figure 4-5). The adsorbent outer surface has a
net positive charge below pHzpc, while at pH > pHZpC, the surface has a net negative
charge. Similar results were reported by Luo et al. [15] and Mellouk et al. [99]. At pH
2.8, the number o f negatively charged Al-OH sites equals the number o f positively
charged Si-OH sites and the surface is electrically neutral. The pHzpc o f kaolinite is 2.4,
i.e. lower than halloysite close to the value reported earlier [100]. ^-potential curve o f the
halloysite is shifted upward (towards positive ^-potential values) relative to kaolinite,
which suggests that halloysite has better adsorption capacity for negatively charged dyes
than kaolinite. However, one has to remember the contribution from the alumina-ended
halloysite lumen that is charged positively in this pH range [76],
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Zeta potentials o f the halloysite nanotubes modified with cationic polyelectrolyte
polyethyleneimine (PEI) and ionic surfactant sodium dodecyl sulfate (SDS) are shown in
Figure 4-6. Isoelectric point o f the original halloysite is at pH 2.40. Adsorption o f PEI
shifts isoelectric point towards the basic value o f pH = 10.40 (close to PEI pKa o f 11.3).
However, adsorption o f SDS changes isoelectric point to pH = 1.50 (close to SDS p/fa o f
1.5). This suggests that PEI modified halloysite has better adsorption for negative dyes.
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4.3.2

Adsorption Properties o f Halloysite and Kaolinite
Adsorption behaviors o f positively charged dye - Rhodamine 6G and negatively

charged dye - Chrome azurol S (Figure 4-7) were studied with halloysite and kaolinite
powders using aqueous dyes o f 0 - 0.05 wt%.
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Figure 4-7: Structural formulas o f (a) Rhodamine 6G and (b) Chrome azurol S [79].

The Langmuir and Freundlich models are applied to describe the adsorption
process (Table 4-1). The correlation coefficients o f Langmuir fitting are all above 0.94
and higher than that of the Freundlich model, indicating that Langmuir model describes
our process better than Freundlich. The maximum adsorption capacity calculated from
Langmuir model is 43.6 mg/g for Rhodamine 6G and 38.7 mg/g for Chrome azurol S
onto halloysite, and 21.4 mg/g for Rhodamine 6G and 36.7 mg/g for Chrome azurol S
onto kaolinite. All R l values fall between 0 and 1, which indicates a favorable adsorption
process. The values o f 1In are all smaller than 1, representing the favorable removal
conditions. It can be observed that halloysite has better adsorption for both o f the dyes
compared to kaolinite (Figure 4-8 and Table 4-1). The larger surface area o f halloysite,
gives more sites for dye adsorption. Besides, both negative outer surface and positive
inner surface of the halloysite are exposed to the solution, allowing adsorption o f both
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positive and negative molecules. Recent review on halloysite provides comprehensive
data on adsorption o f various positively and negatively charged molecules on the
halloysite’s external and inner faces [42].

Table 4-1: Comparison o f isotherm models for dyes adsorption onto halloysite and
kaolinite [79].
Halloysite
Rhodamine Chrome
6G
azurolS

Models

Kaolinite
Rhodamine Chrome
6G
azurolS

Langmuir model
(jm, (mg/g)

43.6

38.7

21.4

36.7

(L/mg)

0.27

0.52

0.27

0.0078

0.998
0.07-0.40

0.994
0.1-0.5

0.999
0.01-0.07

0.949
0.2-0.7

0.23

0.33

0.09

0.45

10.3

5.05

12.6

1.96

0.945

0.969

0.707

0.950

K l,

R
Rl
Freundlich model
\/n
K l,

(mg/g (mg/L)1")
R
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Figure 4-8: Adsorption o f Rhodamine 6G and Chrome azurol S onto halloysite and
kaolinite [79].
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Intermediate layers of both halloysite and kaolinite are blocked by strong
hydrogen bonds and dyes cannot readily penetrate there. Due to the dual electrostatic
attraction between charged dyes and halloysite nanotubes’ external/internal surfaces, it
efficiently removes both positive dye and negative dye. Similar observation was made by
Kim and Lee [63] on a comparative study o f HDTMA and naphthalene adsorption on
halloysite and kaolinite. This was ascribed to the higher cation exchange capacity of
halloysite as well as clustering and aggregation o f adsorbed molecules on clay surface.
Maximum adsorption efficiency - qm is the most important parameter governing
efficient dye removal. For halloysite this value varied in the range o f 45 ± 5 mg/g, which
is superior than most o f the conventional adsorbents; qm values o f -1 2 mg/g were
reported for activated carbon obtained from Acacia nilotica leaves with cationic dye Rhodamine B [101]. Similar study on cationic methylene blue revealed qm value o f 8.53
mg/g [102], Maximum adsorption o f anionic dye Orange 51 was determined as 8.45 mg/g
on activated bleaching earth [103]. Besides, due to its thermal stability, halloysite sorbent
can be regenerated and reused by burning the adsorbed organics on fire.
4.3.3

Water Filtration System
Water filters were prepared using raw halloysite and kaolinite clays (Figure 4-9).

Filtration efficiency was tested by passing 30 mL o f 300 mg/L dye solution. Chrome
azurol S was completely removed from contaminated water by halloysite, as it is clearly
evident from UV spectra o f the filtered liquid samples. In spite o f having a similar
chemical structure, kaolinite was shown to be poor filter, which is associated with its
platy shape and lower surface area. Small pores of ca. 5-10 nm in diameter on the
halloysite surface efficiently adsorb dyes from the solution before it passes from the
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filter. Similar tendency was observed for the case o f Rhodamine 6G as well; over 99% o f
the dye was removed by the halloysite filter. Mixture of dyes passed reasonably well
from both filters, though halloysite was still better than kaolinite. This is associated with
the formation o f precipitation due to the interaction o f positive and negatively charged
dyes. Minor quantities o f the dye were left over in the filtered sample, indicating the
necessary for the additional improvement by surface modifications. Better understanding
o f the dye adsorption mechanism will be beneficial for further improvements o f the
filtration system.

W ivalangth (nm)

W ivttngth (nm)

W » v l* n f th (nm )

Figure 4-9: Demonstration of the water filters prepared by one gram o f halloysite and
kaolinite clays tested on (a) Chrome azurol S, (b) Rhodamine 6G, (c) mixture o f these
dyes solutions with 300 mg/L concentration. UV spectra o f the filtered water samples are
demonstrated on right for clear presentation o f the unfiltered dye [79].
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4.3.4

Reusability o f Halloysite and Kaolinite in Filters
Halloysite and kaolinite are thermally stable materials and offer benefit in

designing reusable water filtration systems. Dyes can be removed from adsorbed filters
by burning at 300° C. Second generation reusable filters were made and their efficiency
was demonstrated using Chrome azurol S and Rhodamine 6G (Figure 4-10). Halloysite
showed significantly better reusability compared to kaolinite. Filtrate from halloysite
filters are almost completely transparent for both dyes, indicating near filtration
efficiency for both negative and positive dyes. Their efficiency compares fairly well with
the efficiency o f first generation halloysite filters. With this we may conclude that
halloysite almost completely preserved its dye removal efficiency after first reuse. On the
other hand, a significant amount o f dye passed from the kaolinite filters, indicating its
poor filtration efficiency. Furthermore, halloysite filters have been effectively
regenerated up to 5 times by burning the adsorbed dyes.

^ rfl 11

<ifc

J |,(

'*

(a)

(b)

Figure 4-10: Dye filtration from 2nd generation kaolinite and halloysite filters: (a)
Chrome azurol S and (b) Rhodamine 6G solution passed from halloysite filters, (c)
Chrome azurol S and (d) Rhodamine 6G solution passed from kaolinite filters.
Concentrations o f dyes were 300 mg/L in all the cases [79],

In order to quantify dye removal efficiency, we determined the concentration of
dye concentration at filtered water using UV-Vis spectrophotometer and calculated the

removal efficiency by Eq. 4 -la. Table 4-2 presents dye removal efficiency on both the
filters during five reuse cycles. As one can observe removal efficiency exceeds 99.9% in
the case o f negatively charged dye Chrome azurol S even after fifth reuse. Removal
efficiency o f positive dye Rhodamine 6G exceeds 95% in all the cases, despite the fact
that halloysite filters substantially had better performance.

Table 4-2: Dye removal efficiency (%) o f filters made from halloysite and kaolinite
during 5 reuse cycles [79].
Sample
Halloysite

Kaolinite

4.3.5

Reuse cycle
1
2
3
4
5
1
2
3
4
5

Chrome azurol S
99.999
99.999
99.995
99.996
99.993
99.991
99.995
99.984
99.983
99.965

Rhodamine 6G
99.757
99.218
98.358
96.317
96.609
99.236
97.630
97.803
95.511
95.990

External Factors Affecting Dye Adsorption Efficiency
Influence o f external factors, such as temperature, adsorbent dose, pH and ionic

strength, have been studied on adsorption behavior o f both dyes on the halloysite. Since
kaolinite and halloysite have similar chemical structures, similar tendency is expected to
be observed.
4.3.5.1

Adsorbent Dose
Dye removal efficiency (R%) increased with the increase o f adsorbent dose

(Figure 4-11). Removal efficiency increased from 51.4% to 89.0% for Rhodamine 6G
and from 43.9% to 72.8% for Chrome azurol S with an increase o f halloysite amount
from 1.0 to 15.0 mg per 1.0 mL o f dye solution.
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Figure 4-11: Effect o f halloysite adsorbent dose on dye adsorption [79].

4.3.5.2

Temperature
Temperature also has an important impact on the adsorption process. The

adsorption capacity o f Rhodamine 6G on halloysite was found to increase from 43.6 to
51.8 mg/g with increasing temperature from 20 to 60° C that corresponds to the
endothermic heat o f adsorption AH ads =10.5 kJ/mol. On the other hand, adsorption
capacity o f Chrome azurol S decreased from 38.7 to 22.8 mg/g within the same range
indicating that exothermic adsorption process (AHads = -28.3 kJ/mol) (Figure 4-12). A
possible mechanism o f cationic Rhodamine 6G adsorption might be due to the
electrostatic interaction between the dye and negatively charged tube outer surface
(silica). Higher temperature increases the speed o f mass transfer and reduces the
thickness o f the diffuse double layer enhancing dye adsorption. In the case o f Chrome
azurol S adsorption, hydrogen bonding between dye carboxyl and hydroxyl groups and
the tube inner-surface aluminol groups might be the leading force for the adsorption,
resulting in release o f a significant amount o f heat and making the process exothermic.
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Hydrogen bonding energy was reported as -23.0 ± 3.0 kJ/mol for water molecule [104],
which is close to our experimental value.
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Figure 4-12: Effect of halloysite temperature on dye adsorption [79].

4.3.5.3

Solution pH
pH strongly affects not only the surface charge o f the adsorbent, but also the

degree o f the dissociation o f dyes’ functional groups [105,106]. Dye adsorption was
studied at the pH range from 3 to 12 (Figure 4-13). The optimum for Rhodamine 6G
adsorption was found at pH 8, while the adsorption capacity o f Chrome azurol S
monotonically decreases with the increase o f pH.
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Figure 4-13: Effect o f solution pH on dye adsorption [79].

The surface o f halloysite is negatively charged above the pH o f 2.8, and the
magnitude of the surface charge increases with increasing pH, reaching to the ^-potential
o f -40 mV at pH. 12 (Figure 4-5). Therefore, one would expect the increase in cationic
Rhodamine 6G adsorption capacity until the turning point o f pH 8.0, after which
adsorption efficiency decreases due to the de-protonation o f the dye that causes to the
loss o f its positive charge. Rhodamine 6G is a weak base with pKAo f 7.5 and loses its
proton at alkaline environment. At pH value o f 8, 24% o f Rhodamine 6G is ionized,
while less than 0.1% is ionized at pH = 12. As a result, overall electrostatic interaction
decreases and adsorption efficiency drops, indicating that electrostatic interaction plays a
major role. At higher pH non-electrostatic interactions such as Van der Waals forces and
hydrogen bonding becomes major forces for the adsorption o f this dye.
Chrome azurol S is strongly negatively charged dye and preserves its charge even
at extremely acidic environment. At extreme basic environment, negatively charged
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halloysite repels negative dye reducing adsorption efficiency. Besides, at pH 8 a lumen
surface is losing its positive charge preventing adsorption into the tube lumens.
4.3.5.4

Ionic Strength
Ionic strength was varied by using sodium chloride o f different molarities and pH

6.5 (Figure 4-14). When NaCl concentration increased from 0 to 1.0 M, the adsorption
capacity o f Rhodamine 6G increased from 29.5 to 45.3 mg/g while it was decreased for
Chrome azurol S from 20.4 to 8.3 mg/g. The favorability for Rhodamine 6G adsorption at
higher ionic strength could be explained by two effects: (1) Dimerization o f dyes in the
presence of salts, which leads to the adsorption o f more molecules per adsorption site
[107]; and (2) compression o f the diffuse double layer on the adsorbent surface with an
increase in ionic strength, which facilitates the electrostatic attraction and contributes to
the adsorption [108], Aggregation o f Chrome azurol S at higher ionic strength may be the
reason for its reduced adsorption. It was indicated earlier that adsorption o f anionic
Chrome azurol S takes place in positively charged halloysite lumen. The aggregated
molecules do not easily penetrate into lumen, inhibiting further mass transport into the
pores.
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Figure 4-14: Effect o f solution ionic strength on dye adsorption by halloysite [79].
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4,3.6

Halloysite Surface Modification
Halloysite surface was modified by adsorption o f surfactants: DODAB, HDTMA,

SDS and polyelectrolytes: PEI, PDDA and bilayer o f PEI and PSS (Figure 4-15).
DODAB and HDTMA are cationic surfactants with two and one alkyl tails, respectively,
while SDS is an anionic surfactant with a single alkyl tail. DODAB and HDTMA are
expected to adsorb on halloysite’s external surface while SDS is expected to be absorbed
into the inner lumen and defected sites at the tube’s endings. Similarly, cationic
polyelectrolytes PDDA and PEI are believed to modify halloysite surface charge by
adsorption to the external walls. Negatively charged halloysite with sequential deposition
o f PEI and PSS was also prepared to analyze the influence o f the surface charge on
adsorption properties o f the dyes.

Figure 4-15: Formulas o f (a) DODAB, (b) HDTMA, (c) SDS, (d) PSS, (e) PDDA and (f)
branched PEI.

Most o f FTIR vibration peaks o f modified halloysite were consistent with that o f
the raw sample, indicating that the modification process did not change its basic crystal
structure (Figure 4-16). Some new FTIR peaks were observed corresponding to the
adsorbed substances: the peaks at 3529 and 3452 cm '1were attributed to N-H stretching
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and deformation vibrations; 2928 and 2849 cm '1vibration bonds assigned to C-H
asymmetric and symmetric stretching vibrations. C-H in-plane asymmetric and
symmetric deformation vibration peaks were observed at 1465 and 1378 cm"1. Multiple
peaks between 1668 and 1465 c m 1could be explained by the incomplete superposition of
in-plane N-H and deformation vibration o f interlayer water, while there was only a single
peak at 1642 cm '1 for natural halloysite. The FTIR results confirm that halloysite was
successfully modified by surfactants and polyelectrolytes. By considering the ratio o f
methylidene C-H vibrations at 2928 cm '1 and halloysite O-H vibrations at 3656 cm '1, the
efficiency o f surface modification descends in the order o f DODAB > HDTMA > SDS.
This is not surprising as a negative halloysite’s external wall effectively adsorbs
positively charged surfactants. DODAB have more methylidene C-H groups per
molecule than HDTMA and probably this is the reason for greater peak ratio.
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Figure 4-16: FTIR spectra o f (a) pristine Halloysite, (b) DODAB-Halloysite, (c)
HDTMA-Halloyite, (d) PEI-Halloysite, (e) PDDA-Halloysite, (f) SDS-Halloysite and (g)
PEI/PSS-Halloysite.

Surprisingly, no detectable C-H peaks from polyelectrolytes were observed on
FTIR spectra, even though a broad peak at 3450 cm '1 is evident for PDDA and PEI
modified halloysites. In order to verify the efficiency o f the surface modification, we
measured surface ^-potentials o f the modified halloysites at different pH values. In Figure
4-6, we give ^-potential curves o f the PEI modified halloysite. Adsorption o f PEI shifts
pHPZC o f bare halloysite from 2.75 towards a more basic value o f 10.5 (close to the pKa o f
PEI, 11.3). PDDA modified halloysite preserved its positive charge even at a pH value as
high as 12.
In order to get quantitative data on a halloysite’s surface modification, samples
were analyzed with Thermal Gravimetric Analysis (Figure 4-17). The total composites
mass losses ranged from 44.0% (DODAB-Halloysite) to 16.6% (SDS-Halloysite). The
loss o f free interlayer water (below 100° C), dehydroxylation o f aluminol-OH groups o f
the halloysite (at 350 - 525° C range with peak mass loss rate at 461° C) and thermal
decomposition of surface modifiers (single or multiple mass loss peaks at 200 - 300° C
range) are three main features in the graphs. Assuming that the first two losses’ steps are
the same for all samples, the grafting ratios (w/w) can be deduced as 28.0, 4.9,2.3, 1.7,
1.6, and 0.5 wt% for DODAB-Halloysite, HDTMA-Halloysite, PEI-Halloysite, PDDAHalloysite, PEI/PSS-Halloysite and SDS-Halloysite, respectively. DODAB showed
significantly higher adsorption efficiency than other surface modifiers.
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Figure 4-17: TGA and DSC graphs o f (a) DODAB-Halloysite, (b) HDTMA-Halloyite,
(c) PEI-Halloysite, (d) PDDA-Halloysite, (e) SDS-Halloysite and (f) PEI/PSS-Halloysite.

4.3.7

Adsorption o f Dyes on Modified Halloysites
Halloysite was modified with six methods described above and adsorption of

Rhodamine 6G and Chrome azurol S were tested (Figure 4-18). Adsorption isotherms
were fit with Langmuir and Freundlich models (parameters are in Table 4-3). Surface
modification of halloysite reduced the adsorption capacity for Rhodamine 6G, although
negatively charged species (SDS-Halloysite and PEI/PSS-Halloysite) had higher
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adsorption capacity than positively charged species (DODAB-Halloysite, HDTMAHalloysite, PEI-Halloysite and PDDA-Halloysite). Surface modification partially blocked
sites for Rhodamine 6G adsorption, and the fact that it was decreased even with the
negatively charged surface modifiers indicates that the hydrogen bonding between the
halloysite and the dye also has a remarkable effect on the adsorption.
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Figure 4-18: Adsorption o f (a) Rhodamine 6G and (b) Chrome azurol S on pristine and
modified halloysite [79].

61
Table 4-3: Comparison o f modified halloysite capacities for dyes adsorption.
Samples
Langmuir
Model

Rhodamine 6G
(jm
(mg/g)

Kl
(L/mg)

R

Rl
(mg/g)

Chrome azurol S
Kl
R
(L/mg)

Ri

Halloysite

43.5

0.273

0.998

0.070.42

DODABHalloysite

9.9

0.051

0.815

0.040.28

186.2

0.120

0.996

0.010.09

HDTMAHalloysite

8.4

0.116

0.995

0.020.15

75.2

0.018

0.871

0.100.53

PEIHalloysite

6.4

0.027

0.970

0.070.43

68.4

0.052

0.998

0.040.28

PDDAHalloysite

4.4

0.012

0.979

0.150.63

53.5

0.047

0.980

0.040.30

SDSHalloysite

38.1

0.060

0.997

0.030.25

19.5

0.019

0.987

0.090.51

PEI/PSSHalloysite

34.1

0.002

0.543

0.520.91

32.9

0.043

0.993

0.010.04

Freundlich
Model
Halloysite
DODABHalloysite
HDTMAHalloysite
PEIHalloysite
PDDAHalloysite
SDSHalloysite
PEI/PSSHalloysite

38.7

0.520

0.996

0.100.52

R

Mn

K? (mg/g
(mg/L)l/n)

R

0.23

K?
(mg/g
(mg/L)1/n)
10.31

0.945

0.33

5.05

0.989

1.09

0.01

0.735

0.28

50.7

0.816

0.14

3.67

0.477

0.86

0.82

0.464

0.31

0.97

0.532

0.32

11.9

0.847

0.79

0.04

0.743

0.18

17.4

0.962

0.18

13.13

0.928

0.24

4.03

0.923

1.99

1.4*1 O’4

0.707

0.15

12.8

0.982

1In

The adsorption behavior for anionic Chrome azurol S with halloysite coated with
positively charged modifiers was significantly improved. Maximum enhancement was
observed for DODAB-Halloysite, with qm o f 186.2 mg/g followed by HDTMA-
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Halloysite, PEI-Halloysite and PDDA-Halloysite samples with qm value ranging from 50
to 75 mg/g. Surface modification with DODAB showed almost a six-fold increase in
absorption behavior while other surface modifiers increased adsorption efficiency by 1.52 times. Such a big difference is probably associated with the higher grafting efficiency
and long alkyl tails o f DODAB, which significantly reverse the surface charge (£potential became +40.7 mV after modification) and provide non-electrostatic interaction
between alkyl tails and aromatic rings o f the dye. Another interesting observation is that
surfactant modified halloysites show higher adsorption capacities compared to
polyelectrolyte modification, although the samples’ surface charges are quite similar (+
35.6 for PEI- and + 38.2 mV for PDDA-halloysite). This may be due to the partial
blockage o f the tube endi ngs by polyelectrolytes and to additional Van der Waals
interaction for surfactant modified halloysite.
Negatively charged surface modifiers reduced the adsorption capacity o f Chrome
azurol S, which might be associated with the lower grafting ratio o f these surfactants.
SDS reduced dye adsorption capacity more than PEI/PSS shells. SDS is a small molecule
which easily penetrates into halloysite and, probably, adsorbs into the lumen alumina
surface, but PEI/PSS bilayer coats the tube outside, including the openings.
4.3.8

Internal Factors Affecting Dye Adsorption

4.3.8.1

Dye-hallovsite Interaction
Electrostatic forces, hydrogen bonding, and Van der Waals interaction are the

main types o f interactions. Electrostatic forces dominate when adsorbent and dyes have
the opposite charges. This occurs between negatively charged halloysite and cationic dye
- Rhodamine 6G. In order to demonstrate the significance o f electrostatic interaction
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further, halloysite surface charge was reversed by polyethyleneimine adsorption (<; potential o f modified halloysite was + 35.6 mV) and maximum adsorption efficiencies o f
the dyes were determined. Maximum Langmuir adsorption efficiency o f Rhodamine 6G
was reduced by seven-fold (6.4 vs. 43.5 mg/g on raw halloysite). Adsorption efficiency
was almost completely restored during adsorption o f secondary polystyrene sulfonate
layer to yield a negative surface charge. Opposite phenomenon was observed for anionic
Chrome azurol S further supporting the significance o f electrostatic interaction.
Hydrogen bonding plays a significant role, because both dyes have mobile
hydrogen atoms capable o f forming bonds with S i-0 and Al- OH groups o f the halloysite.
In the case o f Chrome azurol S adsorption, this force predominates since both the
adsorbent and dye have negative charges. Halloysite surface charge reversed by
polyethyleneimine could increase adsorption efficiency by 70%, indicating the influence
o f electrostatic interaction (Figure 4-18 and Table 4-3).
An interesting phenomenon was observed after halloysite surface
hydrophobization using dioctadecyldimethyl ammonium bromide. Chrome azurol S
adsorption efficiency increased by almost six-fold (qm = 186.2 mg/g) in this case. Such a
big difference is probably associated with non-electrostatic interactions between alkyl
tails o f the surfactant and aromatic rings o f the dye as was observed by various authors
earlier [13]. This provides the potential to utilize halloysite for the adsorption and
removal o f non-ionic dyes from environmental waters.
4.3.8.2

Textural Properties and Surface Chemistry o f Halloysite
Porous structure and high surface area o f halloysite is highly beneficial for

effective dye removal. Surface modification significantly influences not only interaction
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between halloysite and dyes but also may block tube openings, smaller pores, and other
potential adsorption sites. Rhodamine 6G adsorption decreases after surface modification
with PEI/PSS layers, even though the increase in halloysite negative surface charge
suggests the opposite.
4.3.8.3

Dye Molecular Structure
Molecular charge and size o f the dyes are also important. Discharging was one o f

the primary reasons for the reduced Rhodamine 6G adsorption on halloysite at higher pH.
Strong electrolyte Chrome azurol S increases its charge with pH further decreasing
adsorption. Increase o f the ionic radius at higher ionic strength solution has different
effects on adsorption efficiency o f these dyes. Cationic dye Rhodamine 6G adsorption
increases as dimerization increases the number o f molecules per adsorption site, but for
Chrome azurol S adsorption, it decreases due to the blockage o f halloysite tube endings
by aggregated molecules.
4.3.9

Increased Filtration Efficiency with Acid/Base Treatment
Strong base or acid treatment of halloysite essentially increased its porosity from 40-

50 to ca. 300 m2/g due to selective etching o f alumina and shifts the nanotube ^-potential
to more negative, which further increase the efficiency of the filtration [41]. One gram of
original halloysite, NaOH treated halloysite and acid treated halloysite (0.1 M, 8 hours) were
added to 10 mL 1000 mg/L Rhodamine 6G solution in the filtration system. Base and acid
treated halloysite are more efficient than the original halloysite. The Rhodamine 6G removal
efficiencies by NaOH, H2 SO4 treated, and the original halloysite were 99.95%, 99.75%, and
78.44%, respectively (Figure 4-19). Base or acid dissolve Al-OH, which increases the
specific surface area providing more adsorption sites and also higher negative zeta potential
to generate stronger electrostatic attraction with cationic Rhodamine 6G.
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Figure 4-19: Comparison of Rhodamine filtration with pristine, base and acid treated
halloysite (supplement material) [79],

4.4

Conclusions

Natural halloysite nanoclay, an abundantly available tubule form o f kaolin, was
studied as an efficient adsorbent both for cationic and anionic aqueous dyes. Tubular
morphology o f halloysite favors dye removal compared with chemically similar platy
kaolin multilayer stacks. The influence o f temperature, pH, ionic strength, and adsorbent
amount o f cationic Rhodamine 6G and anionic Chrome azurol S revealed molecular
details involved in the adsorption process. Ionic interaction is the major force in
Rhodamine 6G adsorption on halloysite, while hydrogen bonding was the most essential
for Chrome azurol S adsorption.
Halloysite is a novel nano-material which can be used in the water filter system.
The removal efficiency o f halloysite is higher than most o f conventional adsorbents.
Besides, halloysite can be regenerated by burning after adsorption and be reused. Dye
removal efficiency exceeded 99.9% after 5 reuse cycles for negative Chrome azurol S
and 95% for positive Rhodamine 6G. Optimal pH for Rhodamine 6G adsorption was in

the range o f 8 and 9 while acidic solutions were favorable for Chrome azurol S
adsorption. Higher temperatures favor Rhodamine 6G adsorption, indicating the
endothermic nature o f the adsorption. On the other hand, Chrome azurol S adsorption has
a negative enthalpy o f -28.3 kJ/mol, indicating a hydrogen bond was formed.
In the next chapter, we will proceed with the study o f halloysite complexation
with organic compounds for its functionalization.

CHAPTER 5
PHASE CHANGE HEAT INSULATION BASED ON
WAX-CLAY NANOTUBE COMPOSITES
Phase change materials (PCMs) have gained extensive attention in thermal energy
storage. Wax can be used as a phase change material in solar energy storage but has low
thermal conductivity and cannot sustain its shape at higher temperatures (above 55° C).
In this chapter, we introduce halloysite into the wax as an additive to improve the shape
stability and thermal conductivity o f the wax. This chapter is based on our published
paper: Yafei Zhao, Suvhashis Thapa, Leland Weiss, and Yuri Lvov. “Phase Change Heat
Insulation Based on Wax-Clay Nanotube Composites." Advanced Engineering Materials,
2014, 16, 1391-1399 [109]. I am the first author o f this paper and results published in this
paper are only presented in my dissertation. Results o f thermal conductivity device and
heat transfer measurements were obtained in collaboration with Suvhashis Thapa and
were presented in both dissertations. These collaborative results will be marked with
asterisks.

5.1

Introduction

World energy consumption growth is driving the need for efficient and
sustainable technologies applied across a wide variety o f systems. The United States
Department o f Energy has indicated that worldwide energy consumption is projected to
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increase 47% by 2035 compared to 2010 [110], The residential sector consumed 22% o f
total U.S. energy in 2011 f i l l ] . Building thermal control is a significant source o f this
consumption: more than 50% o f all energy consumed is related to heating and cooling
[ 112].
Due to the increasing demand for energy and energy sustainable development,
organic solid-liquid phase change materials (PCMs) have attracted considerable attention
for storing thermal energy and controlling temperature by storing and releasing
significant latent heat during the phase change process [23-25], Among them, paraffin
wax was widely employed for thermal energy storage in many applications due to the
high heat o f fusion, appropriate melting temperature, high specific heat capacity,
chemically inert, stable, noncorrosive and nontoxic properties [25, 26, 113, 114].
However, low thermal conductivity (0.24 W/m-K), decreasing the rates o f heat storage
and release during melting and crystallization operations, flammability and shape
instability above the wax melting point are the major drawbacks, limiting its applications
[115]. To overcome these problems, a wide range of research has been undertaken to
enhance wax’s thermal conductivity and form the shape stabilized material. The
commonly used method is to disperse in-wax carbon nanotubes, expanded graphite,
copper, and other metal nano/micro particles to form the composites [24-26, 116-122],
Carbon nanotubes and metal particles essentially increase the composite cost while
decreasing the total volume of latent heat thermal storage. Moreover, these composites
are not flame resistant and often have poor stability [24], Flame propagation can be
stopped by adding flame retardant that has a high resistance to burning and fire.

Halloysite nanoclay, a natural and environmentally friendly low-cost material
available in thousands o f tons, has attracted a great interest due to its hollow tubule
structure, high surface area, and good polymer mixability without need for exfoliation,
Halloysite nanotubes are formed by rolling kaolinite alumosilicate sheets [15, 50, 95,
123]. The inner lumen o f the halloysite tubes can be loaded with various chemicals such
as metals, chemical inhibitors, antiseptics, drugs and proteins [21, 43, 84, 92], Zhang et
al. found that halloysite maintains its wax shape during heat absorption and phase change
[124]. Du et al. suggested that thermal stability o f polypropylene was remarkably
enhanced by incorporation o f halloysite and the flammability o f polypropylene was
decreased [66], Compared with the aforementioned materials, halloysite nanotubes as
additives are well mixable with wax and yield a pseudo ceramic “skeleton” that maintains
the composite structure even above the wax melting temperature. Moreover, halloysite
nanotubes can serve as a flame retardant to prevent fire propagation.
In this work, a shape stabilized phase change material o f wax and halloysite
composite was developed. It has a form-stable shape even when the temperature
essentially exceeds the melting point and has a higher thermal conductivity than wax.
Heat shape stabilization and thermal conductivity o f the composite was optimized
through the addition o f graphite or carbon nanotubes. Combination o f the two shapestable layers with different thermal conductivity allowed for a novel bilayer material with
preferential heat transfer in one direction (vectorial heat transfer). This allows designing
multilayer composites with heat channeling and directing.
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5.2
5.2.1

Materials and Methods

Materials
Paraffin wax (melting point Tm ~ 51-54° C and heat latent 171 J/g) was utilized as

the primary phase change medium in the preparation o f the composites. Halloysite
nanotubes were obtained from Applied Mineral, Inc. They have lengths in the range o f
0.5-1.2 pm, an exterior diameter in the range o f 50-60 nm and aninternal diameter
(lumen) in the range of 15-20 nm. Specific surface area o f the halloysite is 54 m2/g and
specific gravity is 2.53 g/cm. Graphite nanoparticles (purity: 99.9%, average particle size:
400 nm-1.2 pm) and the multiwall carbon nanotubes (purity: 95%, length 10-30 pm)
were purchased from U.S. Research Nanomaterials, Inc. Isooctane (99.8%, anhydrous)
purchased from Sigma-Aldrich was utilized without further purification.
5.2.2

Preparation o f Wax/Hallovsite Composites
The composites were prepared by the reflux blending and impregnation method.

Wax was melted at 80° C and dissolved in 80 mL isooctane solution to form a
homogenous solution under continuous stirring for 10 min. Halloysite was added to the
above solution and the resulting mixture was then stirred and refluxed under 80° C for 3
hours. Finally, the composites were sealed in a vacuum drier at room temperature for
three days to evaporate the isooctane solvent from the mixture. The final prepared
composites were used for testing. Shape stabilized composites with weight ratios o f wax
and halloysite 100:0, 50:50 and 90:10 were prepared, respectively. In order to increase
thermal conductivity o f the composites, various weight ratios o f conductivity
enhancements such as graphite nanoparticles and/or multiwall carbon nano tubes (3 ,5 ,
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and 10% by weight) were included into the mixture with the addition o f halloysite. The
following steps were consistent with the same method mentioned above.
5.2.3

Thermal Conductivity Measurement Setup
Prepared composites were tested in a specially designed small-scale chamber as

shown in Figure 5-1. The test chamber was fabricated using a 5.8 mm thick acrylic sheet
with dimensions o f 35 by 30 by 15 mm. Acrylic is a transparent material allowing visual
inspection during test, a good insulator and a low-cost material. Three sides were
permanently affixed to a bottom acrylic piece. The fourth side was constructed to allow
removal during thermal application to the phase change materials. This side was held in
place by four bolts and sealed via gasket material. Two different tests were performed using
this chamber for each o f the prepared composites. First was the thermal conductivity test and
second was the visual shape stability test. Only for the latter test the fourth side acrylic piece
was removed and a high resolution camera was used to examine the form stability during the
phase change o f the composites. A top piece was held in place by four bolts to allow access
to the inner volume where the material was placed. Omega K-type thermocouples (TC) were
utilized to measure temperature o f the phase change material at discrete points through the
sample’s thickness. The locations were at the top o f the chamber, 5, 10 and 15 mm from the
top. Each TC was inserted through one chamber sidewall and epoxied in place.
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H eat Flux S e n so r a n d H e a te r
15m m (T C -l)
10mm(TC-2)

Acrylic o n e
side p a n el
open

5mm(TC-3)

d irectio n

0mm(TC-4)

PCM

Figure 5-1: Phase change material test device setup [109]. *In collaboration with
Suvhashis Thapa.

Heat flux to the test was accomplished through the use o f a resistance heater. The
heater simulated external thermal loading from a real-world energy source. The heater
was connected to a voltage supply where the voltage and current were measured. To fully
quantify the thermal energy transfer, an Omega HFS-3 thin film heat flux sensor was
placed between the resistance heater and the phase change material. This, in combination
with the TC readings, helped established critical performance characteristics including
the average thermal conductivity. TC along with HFS was connected to the computer via
NI SignalExpress software to automate the real-time monitoring o f the test setup. This
setup was maintained for all tests independent o f the material composition allowing for
accurate comparison of the samples. Loading o f the test setup was accomplished by
melting the phase change materials and filling the inner volume manually. Care was
taken to ensure that no gaps or other anomalies were present after filling. Following the
filling o f the test volume, the top was added to the device.
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Tests were conducted to characterize thermal conductivity as well as shape
stability o f the composites. A consistent input power o f 5.7 W was supplied to the
resistance heater for each test independent o f the phase change material under
investigation. Each test was conducted at least three times to ensure accurate reporting o f
the experimental data. For each run, thermal energy was supplied for approximately 3
hours to attain fully steady state thermal equilibrium conditions. After attaining steadystate, measurements from the TC and heat flux sensor were utilized to quantify operating
characterization. Eq. 5-1 provided the basis for this calculation:
k = —2— —
AT/AZ

Eq. 5-1

where q was the heat transfer from the resistance heater (measured via heat flux sensor),
A was the area o f the heat transfer, AT was the temperature gradient between TC readings
and the AZ was the vertical distance between TC. Error associated with AT, heat flux and
AZ were determined [125], These were on the order of ± 0.5° C, ± 0.19 W/m2 and ± 0.1
mm, respectively. The error associated with each individual thermal conductivity was
determined to be on the order o f t 0.1 W/m-K.
In addition to the measurement o f thermal conductivity, tests were also conducted
to study the ability o f the composites to maintain shape during the phase change. The
phase change composite was filled into the test chamber as explained previously. The
fourth side panel o f the testing device was removed upon reaching the room temperature.
A high resolution camera was used to photograph the phase change material. Material
that maintained shape easily held to the original form established by the fully enclosed
test device. Beside these tests (thermal conductivity and visual shape preservation tests),
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field emission scanning electron microscopy (FE-SEM) and differential scanning
calorimetry (DSC) were also performed on each composite.
5.2.4

Characterization o f Phase Change Materials Composites
After preparation o f the phase change material composites, structural study o f the

mixtures was equally essential. This was accomplished using a Hitachi S-4800 FE-SEM
(Louisiana Tech University). Secondary electron imaging mode was utilized with the
resolution about 1-3 kV. Nitrogen absorption-desorption isotherms were measured with
NOVA 2200, and also the Brunauer Emmett Teller technique was used for the specific
surface area estimations o f the composites. In order to verify the Tm results obtained from
the conductivity tests, DSC (Diamond DSC, Perkin-Elmer) was run on each test sample.
In addition to Tm, transition temperature (71) and latent heat capacity (AH) were also
studied for all composites. The DSC measurements were performed at a heating rate o f 2°
C/min and temperatures ranging from 20 to 70° C.

5.3
5.3.1

Results and Discussion

Morphological Characterization o f Phase Change Composites
Halloysite is formed by rolling alumosilicate sheets with an ideal formula o f

(AbSi 2 0 5 (0 H)4 x hH20 ) with silicon oxide at the tube’s outer surface. The scanning
electron microscope (SEM) images o f halloysite and phase change composites are shown
in Figure 5-2a. The particles have cylindrical shapes with hollow open-ended lumens;
their length is in the range o f 0.5-1.5 pm with diameters o f 50-70 nm. Figure 5-2b shows
the SEM image o f wax/halloysite composites (50/50%). It can be observed that halloysite
is well dispersed in the wax. The presence o f coated tubes is obvious from these images,
indicating the halloysite was covered by wax. Figure 5-2c shows the image o f
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wax/halloysite/graphite (45/45/10%). The presence of graphite might increase the
adhesion between the halloysite and wax. This is observable from the clear coverage o f
the embedded halloysite and the conglutination o f the halloysite by wax. This
improvement in interfacial adhesion is attributed to the added third component. The
incorporation o f graphite into the wax/halloysite composite resulted in a finer dispersion
o f the particles and morphological evidence o f interfacial adhesion. Photography o f
wax/halloysite (70/30%) composite is shown in Figure 5-2d. Therefore, halloysite may
keep melted wax droplets in pores at temperatures above the wax melting point, allowing
the composite to maintain shape without leakage o f melted wax.

Figure 5-2: SEM images o f (a) halloysite, (b) wax/halloysite composite (50/50%), (c)
wax/halloysite/graphite (45/45/10%), and (d) photography o f wax/halloysite (70/30%)
[109].

The leakage tests above the melting temperature o f wax were performed to
compare the form-stable performance o f the as-prepared composites. Figure 5-3 shows
the photographs o f pure wax, and different mixtures o f wax, halloysite, graphite and
carbon nanotubes composites kept at 50-80° C for 20 min. As seen from the photographs
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o f the 3 cm diameter cylindrical samples, when heated to 60° C (above the phase change
temperature o f wax at 51° C), the pure wax and wax/graphite composites (90/10%) begin
to melt while the other samples containing halloysite maintain their shape perfectly with
no liquid leakage at the surface.

(a)

(b)

(c)

(d)

(e)

Figure 5-3: Photographs o f (a) pure wax, (b) wax/halloysite (50/50%), (c) wax/graphite
(90/10%), (d) wax/halloysite/graphite (45/45/10%), and (e)
wax/halloysite/graphite/carbon nanotubes (45/45/5/5%) at different temperature [109],

After heating to 70° C for 20 min, the pure wax and wax/graphite (90/10%)
melted into liquid, with significant wax leaking from the samples. The surface o f
wax/halloysite (50/50%) presented slightly moist, indicating a small amount o f leakage
from the wax/halloysite (50/50%) composite. When heated to 80° C for 20 min, the
majority o f the pure wax and wax/graphite (90/10%) composites liquefied.
Wax/halloysite (50/50%) had minimal liquid leakage. By contrast,
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wax/halloysite/graphite (45/45/10%) and wax/halloysite/graphite/carbon nanotubes
(45/45/5/5%) composites maintained shape perfectly without liquid release from the
matrix.
These results o f leakage testing agree well with SEM characterization and
indicate graphite and carbon nanotubes increase the shape stability o f composites based
on wax/halloysite mixtures. The leakage test confirms that halloysite provides
mechanical strength for the phase changing composites and prevents the seepage o f the
melted paraffin wax. In the shape stabilized composites, halloysite, graphite and carbon
nanotubes serve as supporting materials and thermal conductivity promoter o f wax.
However, graphite or carbon nanotubes alone cannot improve the stability o f wax
significantly, and must be combined with halloysite to produce a shape-stabilized
material (see Figure 5-3c).
This can also be clearly evidenced in Figure 5-4, which shows experimentation
demonstrating shape conservation above the wax melting point made on the temperaturegradient heating plate. Sample (a) is pure wax with 10% graphite added for thermal
conductivity enhancement.

Sample (b) includes 45% halloysite and 10% graphite.

Obviously, the wax-halloysite composite shape was preserved above the wax melting point
o f 53° C. This unique capability based on internal clay nanotube skeleton allows the material
to be directly applied to building structural elements without fear o f future melt and
displacement as a result o f use. This allows the material to be applied in areas without
standard size or to be easily used as a retrofit to the existing buildings already in place.
During heating, the wax undergoes a phase transition in the network o f halloysite, graphite
and carbon nanotubes. Because o f the uniform dispersion o f halloysite into wax and the

interfacial adhesion between wax, halloysite and graphite, these composites can maintain
their shapes even heated above the phase change temperature (no leakage o f the wax even
above the melting point). These composite samples can maintain their shape perfectly even
after subjection to 50 melting-freezing cycles.

Figure 5-4: Thermal tests o f phase change composites: (a) wax/graphite (90/10%)
without halloysite undergoing phase change and (b) wax/halloysite/graphite (45/45/10%)
composite (temperature gradient plate was used as substrate) [109]. * In collaboration
with Suvhashis Thapa.

5.3.2

Thermal Characteristics o f Phase Change Composites
The thermal properties o f wax and wax composites such as transition temperature

(7V), melting temperature (Tm) and latent heat (AH) o f the samples were obtained by using
differential scanning calorimetry (DSC). Figure 5-5 shows the DSC curves o f pure wax
and the composites.
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Figure 5-5: DSC curves o f (a) pure wax, (b) wax/halloysite (50/50%), (c)
wax/halloysite/carbon nanotubes (45/45/10%), (d) wax/halloysite/graphite (45/45/10%),
(e) wax/halloysite/graphite/carbon nanotubes (45/45/5/5%), and (f)
wax/halloysite/nanotubes (87/10/3%) [109].

DSC curve o f pure wax presents a sharp principal peak which signifies a solid-toliquid transition and a minor peak which represents a solid-to-solid transition [126], The
principal peaks account for about 75% o f the total latent heat. The phase change peaks of
paraffin wax are still evident in the shape-stabilized phase change o f the composites. This
should be expected as there were no chemical reactions between paraffin wax, graphite,
and carbon nanotubes in the preparation o f the shape-stabilized phase change materials.
The shape stabilized composites exhibit almost the same peaks as that o f paraffin wax,
which means the transition temperature (71) and melting temperature (7m) are constant
within a standard deviation o f ±1° C, although halloysite, graphite and carbon nanotubes
were dispersed throughout the paraffin wax. The solid-to-liquid phase change is
discussed here because it is the main phase change o f paraffin wax. One sharp phase
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change peak at 52.3° C is observed for pure wax, which shows the phase change
transition temperature is 47° C and the melting point is 52.3° C. In addition, the latent
heat is 171 J/g and this value was consistent with N. Ukranczyk et al. [127]. The lower
strength o f the peaks and smaller area below the peaks indicate that all the composites
have lower latent heat than pure wax due to the reduced wax content. The thermal
properties data obtained from these characterizations are also shown in Table 5-1 and
compared with the theoretical latent heat calculated according to Eq. 5-2:

M *compmltt = G)AHwax

where

A / / COmposite,

ui and

A //w a x

Eq. 5-2

are the calculated latent heat o f the shape stabilized phase

change composites, mass ratio o f wax in the composite, and latent heat o f wax, respectively.
The measured latent heat fits well with the calculated values, yielding differences less than
14.6% according to Eq. 5-3:
x 100%.

Eq. 5-3

C alculated

Table 5-1: Thermal properties o f pure wax and shape stabilized phase change composites
[109].
Wax:halloysite
graphite
:carbon
nanotubes
(wt%)
100:0:0:0
50:50:0:0
45:45:10:0
45:45:5:5
87:10:0:3
45:45:0:10

Melting
Transition
Tx (° C)

Melting point
Tm (° C)

Total
latent heat
A // (J/g)

47.0
46.8
47.1
46.8
47.4
47.1

52.3
53.5
52.9
52.7
52.7
52.7

171.0
87.1
68.4
88.1
145.7
75.7

Calculated
A // (J/g)

—

85.5
76.9
76.9
148.7
76.9

Difference
(%)

—

-1.9
11.0
-14.6
2.0
1.6
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The thermal property stability and reusability o f the composite is critical for phase
change materials in thermal storage application and was directly investigated with the
wax/halloysite/graphite (45/45/10%) composite (Figure 5-6). It can be seen that the DSC
curves o f the sequential phase change cycles coincide with the first melting cycle and the
phase change temperature and latent heat maintained the same values respectively after
30 heating-freezing cycles, meaning the sample is thermal stable and can be reused many
times.
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Figure 5-6: DSC test for the stability o f wax/halloysite/graphite composite (45:45:10%):
the 1st and 30th runs [109].

The mass loss o f the composites after 50 melting cycles at different temperatures
was also measured with the results in Table 5-2. The mass loss o f wax/halloysite
(90:10%) is greater than that o f wax/halloysite (50:50%). This is because halloysite can
hold the melted wax in the pores and network. The more halloysite in the phase change
composite, the more wax it can preserve, thus resulting in lower weight loss after
multiple cycles o f heating-freezing. With the addition o f graphite, the mass loss of
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wax/halloysite/graphite is less than that of wax/halloysite, further indicating the addition
o f graphite strengthens the thermal stability o f wax/halloysite.

Table 5-2: Total mass loss of the composites after one cycle o f heating-freezing at
different temperature [109].
____________________ Mass loss (%)_____________________
n,
wax/halloysite
wax/halloysite wax/halloysite/graphite
( j_________(90/10%)
(50/50%)_________(45:45:10%)
50° C
1.32
0.67
0.23
60° C
6.78
1.2
0.42
70° C___________152 ____________ 6/75_______________0 5 4 _________

Figure 5-7 shows temperature curves o f wax/halloysite/graphite (45/45/10%) at
different locations. It can be observed that the temperature o f the Composite increases
initially with time, finally reaching steady-state. During the phase change, the phase
change material stores latent heat at a constant temperature across the sample. This
results in the “saddle” profile o f constant temperature before a final steady-state is
achieved.

Independent o f the composite mixture, this saddle point occurs at

approximately 54° C for all samples. This is consistent with the expected paraffin melting
point o f ca. 53° C. The saddle temperature profile appeared due to the endothermic
process associated with change in the phase o f the wax from solid to liquid. Another
small “saddle” at 34° C is attributed to the solid-to-solid phase change o f the composite.
These results are consistent with the DSC test o f the two peaks. Approximately after one
and a half hours (90 min) the curves attained steady-state. The temperature difference
across the 15 mm thickness of the phase change material layer is 11° C.
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Figure 5-7: Typical temperature profile o f the phase change composites at different
location [109], *In collaboration with Suvhashis Thapa.

5.3.3

Thermal Conductivity o f Phase Change Material Composites
Thermal conductivity is one o f the most important properties o f the phase change

materials. Adding 10% o f halloysite can increase the thermal conductivity o f wax twice
(0.5 W/m-K) and the composite can keep shape above wax melting temperature 53° C
(Table 5-3). The thermal conductivity o f halloysite is 0.1 W/m-K, which is not high and
may be due to the existence o f some air between halloysite particles. However, the
thermal conductivity increase o f halloysite/wax could be attributed to good dispersion
and network formation of halloysite/wax and little or no air exists [119]. Halloysite has a
large specific area and strong interaction with wax, which can facilitate heat transfer and
allow phonons to travel efficiently inside the halloysite/wax network. Also, hydrogen
bond generated from -OH groups on the surface o f halloysite were favorable for network
formation.
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Table 5-3: Thermal conductivity o f phase change composites [109]. *In collaboration
with Suvhashis Thapa.
W ax:hal loy s ite:graphite:carbon
nanotubes (wt%)
100:0:0:0
0:100:0:0
90:10:0:0
50:50:0:0
85:10:0:5
45:45:10:0
90:0:10:0
45:45:5:5

Thermal
conductivity
(W/m-K)
0.25
0.10
0.50
0.36
0.57
1.40
0.65
0.85

Shape deformation
T (° C)
53
—

60
70
53
81
53
91

The improvement in stability was most likely due to the effect o f capillary force
and surface tension force between the halloysite and wax. There was no leakage o f liquid
wax from the porous o f halloysite network above the melting temperature o f wax because
the liquid can be blocked in both the pores o f the halloysite and the network o f the
halloysite. However., further increasing the ratio o f halloysite to 50% resulted in the
decrease o f the composite thermal conductivity but increase in shape maintenance
temperature to 70° C. Several factors may account for the phenomenon. On the one hand,
halloysite itself has a relatively low thermal conductivity and the aggregation o f large
amounts of halloysite in wax prevents phonons from efficient traveling. This results in
increased thermal resistance between the halloysite and wax, thus limiting the
improvement o f the thermal conductivity. On the other hand, more halloysite provides
larger pore volume and network to hold liquid wax and prevent leakage. Therefore, the
shape can be maintained beyond 70° C. This result is in accordance with that obtained by
the temperature regulation test. In order to further improve both the thermal conductivity
and shape-stabilized temperature, carbon nanotubes and graphite with very high thermal
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conductivity were introduced to the composite. Five percent o f carbon nanotubes increase
the thermal conductivity, whereas the composite would deform its shape at 50° C.
However, 10% graphite enhances both the thermal conductivity as high as 1.4 W/m-K
and shape preservation up to 81° C (well above melting point). When wax/halloysite
composite contains both graphite and carbon nanotubes, shape deformation temperature
can be increased to 91° C.
On one hand, graphite alone (10%) dispersed into paraffin wax (90%) can increase
the thermal conductivity to 0.65 W/m-K, but it cannot enhance the temperature shape
stabibility above 53° C. On the other hand, the halloysite alone (10%) with the pure wax
(90%) can increase both the thermal consuctivity (0.5 W/m-K) and the shape deformation
temperature (60° C). Thus, it can be assumed that with both 10% o f halloysite and 10% o f
graphite being added to 80% o f wax, both the thermal conductivity and the shape
deformation temperature will increase, which may be a little higher than 0.65 W/m-K and
60° C, respectively. However, both the thermal conductivity and the shape deformation
temperature will lower than the previous sample when less graphite is added (5%) into 10%
o f the halloysite and 85% o f the wax due to less thermal conductivity enhancer (graphite)
and more wax with lower shape deformation temperature. The measurements for the both
samples will be conducted in the future.
5.3.4

Vectorial Heat Transfer in the Double Laver Composites
In order to improve the performance o f phase change storage, more than one

phase change material with different thermal conductivity and melting point were
combined. The effect o f a double layer phase change material is studied by combining
one layer o f graphite enriched wax/halloysite/graphite (45/45/10%) composite with

86
higher thermal conductivity and another layer o f only wax/halloysite (50/50%) which has
lower thermal conductivity. The vectorial asymmetric heat flux change versus time for
the bilayer insulator is shown in Figure 5-8. Each layer has a thickness o f 5 mm, but the
upper layer is enriched with graphite allowing higher thermal conductivity enhancing
heat transfer in an up-down direction (the heat flux difference dependent heating
direction). Higher thermal conductivity composite allows for more heat transfer in the
direction o f up-down than down-up. Lower thermal conductivity bottom layer releases
less thermal energy.
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Figure 5-8: Thermal energy transfer o f the bilateral insulator with gradient thermal
conductivity. Up-down means heat transfer from wax/halloysite/graphite (45/45/10%) to
wax/halloysite (50/50%) and down-up means heat transfer from wax/halloysite (50/50%)
to wax/halloysite/graphite (45/45/10%) [109]. *In collaboration with Suvhashis Thapa.

Kinetic is not equalized and this difference is only tested within 10 hours. For
infinite time (practically in 20-30 hours), this process will become the equilibrium and no
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vectorial heat transfer will be possible in “infinite time”. However, within a day-night
cycle, this design may be feasible for practical application.
Because o f this effect, the multilayer phase change material has a potential
application in the building roof to adjust room temperatures by design o f proper
multilayer coating. Figure 5-9 is the proposed scheme o f a building roof insulator with an
up-down heat transfer to yield a cooler house during periods o f increased outside
temperatures. By contrast, during cooler external temperatures, thermal energy is
maintained indoors. In each cycle, during the charging process (solar heating), the phase
change materials in the roof changes its phase from solid to liquid, but maintains form.
The melting o f the outer layer with high thermal conducti vity absorbs a large quantity o f
heat at the phase change temperature while the interior temperature will not exceed the
phase change temperature. During the discharging process (cooler external temperatures),
on the one hand, the composite changes its phase from liquid to solid (solidification) by
rejecting stored thermal energy to the ambient and to the air inside the room. On the other
hand, the inside layer with lower thermal conductivity will not favor energy release to the
interior. This results in interior room temperature preservation during periods o f cold
ambient temperatures. The stability o f the materials allows this cycle to be repeated
without concern for changing the performance over time.

At daytime
Heat charge

WWW

1

wax/ halloysite/graphite (45/45/10%)

W
■

Heat d
.
discharge
At night

Figure 5-9: Proposed roof insulation scheme with vectorial heat transfer [109].

Based on the initial characterization o f this layered approach, different phase
change materials may be selected to yield phase change at different temperatures. This
more effectively allows the entrapment o f exterior thermal energy that would normally
heat a building during hot external temperatures while utilizing the same effect to trap
interior thermal energy that would normally escape the building during periods o f low
outside temperatures. In both cases, the materials would maintain form and act to
decrease the overall energy use o f the structure.
5.3.5

Alignment of Clay Nanotubes under Shear Force
Shear forces, such as flow and friction, have been frequently used for aligning

one- dimensional nanoparticles along their direction to reinforce mechanical, electrical,
and optical properties. Incorporated nanotubes, nanorods or nanowires into polymer
matrix may enhance their alignment when subjected to shear forces. Up to now, the
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alignment o f halloysite nanotubes has not been studied yet, Figure 5-10 shows the SEM
images o f aligned halloysite nanotubes in the wax matrix under shear force. It can be
observed that halloysite nanotubes tend to be parallel to the direction o f the shear force,
which may provide useful application o f polymer/halloysite nanotubes with anisotropic
properties.

S4800 1 0fcV4Smm *20 Pit GEiU) 2/15/2013

2 OOum

Figure 5-10: SEM images o f halloysite nanotubes aligned in wax matrix under shear
force (the arrows represent the direction o f shear forces).

5.4

Conclusions

The new wax-nanoclay composites’ capability o f maintaining form even above
wax melting temperature was analyzed. Such capability o f the phase change materials
presented in this work could become potential choice for buildings or other systems
application as part o f an overall energy efficiency improvement. The phase change
insulation materials include mixed blend o f unique characteristics o f naturally occurring
halloysite nanotubes with low-cost paraffin. In addition to the inclusion o f halloysite,
conductivity enhancement materials such as graphite nanoparticles and multiwall carbon
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nanotubes were also added to make the phase change materials thermally conductive
while maintaining their shapes.
Results obtained from the conductivity test presented a range o f values from 0.36
to 1.4 W/m-K among the various phase change materials as conductivity enhancements
ranged from 3 to 10% by mass. Maximum thermal conductivity o f 1.4 W/m-K was
demonstrated by a mix o f 45:45:10 (wax : halloysite : graphite) by mass. Inclusion o f the
halloysite provided a structural support to maintain shape after undergoing a phase
change. This specific characteristic was demonstrated by the phase change composites
with halloysite concentration above 40% by mass. Such a unique characteristic would
allow phase change composites to maintain distribution o f thermal conductivity
enhancements within itself, eliminating the need to remix and redistribute enhancements
after every thermal loading. This was evident in the result displayed by mixing o f
45:45:10:0 (wax : halloysite : carbon nanotubes : graphite). Thermal properties o f the
composite were consistent for 30 thermal cycles. This indicates the potential for the realworld application o f these presented materials as no external containment is required and
long-term property stability is achieved.
To study the real world application o f this phase change material, double layer
structure with different doping were tested. This multilayer organization allowed
vectorial heat transfer preferably in the chosen direction. Smart building roof composite
is suggested which can maintain interior building temperatures by appropriate
arrangement o f the layers. Due to good thermal stability, high thermal conductivity,
ability to preserve the shape during wax melting, and abundant availability o f this natural
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tubule clay, the phase change insulation composite based on halloysite could be used to
conserve energy in large scale practical applications,
In this chapter, we observed an interesting phenomenon that halloysite could be
aligned in wax under shear force. Nearly all halloysite nanotubes have the same direction
following the direction of the shear force, which may enhance the electrical,
electrochemical, optical and electromechanical properties along the orientation line. This
also offers potential function o f halloysite nanotubes in the phase change material with
anisotropic properties at different directions, such as enhanced thermal conductivity
along the aligned direction.
In the next chapter, we will continue to investigate the alignment phenomenon o f
halloysite nanotubes with organic composites and explore its potential application.

CHAPTER 6
ORIENTATION OF CHARGED CLAY NANOTUBES
IN EVAPORATING DROPLET MENISCUS
The controlled assembly o f elongated particles such as carbon nanotubes, ZnO
and DNA nanowires allows for their preferential alignment along a spatial direction,
which enhances the electrical, electrochemical, optical, and electromechanical properties
along the orientation line. Halloysite is a type o f anisotropic materials with a high aspect
ratio. Orientation o f halloysite nanotubes has huge application perspectives in the fields
of electronics, energy and optics. In the previous chapter, we have observed halloysite
could be aligned under shear force in wax. In this chapter, in order to better understand
the alignment o f halloysite nanotubes, the droplet-casting method is employed to produce
aligned halloysite film under the coffee ring effect. This chapter is based on my
contribution to our published paper: Yafei Zhao, Giuseppe Cavallaro, Yuri Lvov.
“Orientation o f charged clay nanotubes in evaporating droplet meniscus.” Journal o f
Colloid and Interface Science, 2015,440, 68-77 [128], I am the first author o f this paper
and its content is used in the following Chapter six with proper referencing. This material
is not used in any other PhD dissertation.

92

93

6.1

Introduction

The self-assembly o f nanoparticles is a promising route in developing devices that
exploit the properties o f anisotropic materials properties, ranging from electronics to
biomaterials. The controlled assembly o f elongated particles such as carbon nanotubes,
ZnO and DNA nanowires allows for their preferential alignment along a spatial direction
[27-30]. This process enhances the electrical, electrochemical, optical, and
electromechanical properties along the orientation line [29, 31-34], Nano-fibers and
tubes organize into ordered structures either through external stimuli or inter-particle
interactions; electrical, magnetic or mechanical forces, and liquid flow can induce the
ordering [29, 32, 33, 129-133]. Most o f the methods based on external forces require
specialized equipment and they are limited in their ability to fabricate uniformly aligned
nanostructures over a large area. However, self-assembly can be achieved by specific
interactions between the nano-objects as is used in spin-coating, inject printing and drop
casting [31,129,134- 138].
Recently, evaporation-induced self-assembly on solid surfaces has received
attention due to the ease o f fabricating highly organized structures [134-137]. Drying a
droplet o f nanoparticle dispersion drives the formation o f ordered patterns on the
substrate, which depends on the mode o f solvent evaporation [137]. The pattern that is
formed is often a ring-like deposit (“coffee ring”) along the edge o f the initial droplet. In
absence o f Marangoni flow and natural convection during evaporation, when the contact
line o f the drying droplet is pinned, there is an outward and radial hydrodynamic flow
that prevents shrinkage o f the droplet, which would replenish the liquid evaporating from
the edge [137, 139]. This flow carries the suspended particles from the center to the

droplet periphery, causing the formation o f a dense ring-like deposition. When a critical
colloid concentration is reached, the anisotropic particles near the edge transition from
the isotropic to the liquid crystal phase and align parallel to the edge, as was observed for
carbon nanotubes [134,140], gold [141], and iron oxide [142] nanoparticles. The
explanation for this phenomenon is based on the classic Onsager’s theory o f high aspect
ratio rigid rods forming orientation and position ordered liquid crystalline phases [30,
143]. A recent review [137] reported that the droplet-casting method was successfully
used for the self-assembly o f polymers, proteins, graphene, and nanoparticles such as
carbon nanotubes and metal oxides. No results were yet reported for nanoclays, which are
appealingly natural materials for environmentally friendly composites. Among the clays,
halloysite is interesting for applications because o f its large surface area, tunable surface
chemistry, and hollow tubular morphology [43, 123].
Halloysite clay, which is rolled kaolinite sheets, has a tubular shape with different
external and internal surface chemistry and high aspect ratio o f about 10-30. The sizes o f
halloysite nanotubes (HNTs) are within 600-1500 nm in length, 10-20 nm in inner
diameter, and 50-60 nm in outer diameter, depending on the deposit and milling process.
Halloysite has a positive alumina inner lumen and a negative silica outer surface allowing
its selective functionalization [53, 54] and the encapsulation o f chemically and
biologically active compounds [21, 43, 123]. The toxicity o f halloysite nanotubes was
analyzed for human breast cells and human epithelial adenocarcinoma cells [40]. The
viability o f the halloysite-treated cells (up to 0.5 mg/mL) was preserved (up to 70% o f
viable cells); however, at higher concentrations o f halloysite, cell death was induced. A
low toxicity o f chitosan-based scaffolds for tissue engineering was also demonstrated by
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monitoring the growth o f fibroblasts on nanocomposites [144]. No significant effects o f
fibroblasts attachment and development on chitosan-doped scaffold were observed.
Therefore, halloysite is considered as safe for very high concentration up to 1 mg/mL o f
cell culture or tissue.
These properties lead to halloysite application in functional polymeric composites
with controlled release o f anticorrosion, antimicrobial and flame-retardant agents, and for
wastewater treatment [21, 41, 43, 50, 57, 79, 123]. Halloysite can be dispersed in aqueous
solutions by modifying the inner lumen with anionic-surfactants to enhance the surface
charge o f the nanotubes [54]. Halloysite can form liquid crystalline phases when
dispersed in an aqueous solution [35]. Such ordered liquid crystalline phases may offer
opportunities for producing useful materials with long range aligned halloysite
nanotubes. There are no comprehensive studies on efficient orientation o f halloysite
nanotubes in films.
Here, we present a strategy to produce aligned halloysite structures by utilizing
the evaporation-induced droplet-casting method. The nanotubes’ cavity was
functionalized with poly (styrene sulfonate) to enhance its surface charge, resulting in
high colloidal stability which allows for the halloysite orientational self-assembly. The
influence o f the nanotube’s length, charge, and the concentration on orientation was
analyzed. Onsager’s theory and “coffee-ring” phenomenon were employed to explain the
alignment self-assembly o f halloysite nanotubes. Based on these results, oriented
halloysite nanotubes arrays were patterned in microchannels.
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6.2
6.2.1

Experimental and Methods

Materials
Two types o f halloysite nanotubes with different length were selected to observe

the orientation phenomenon: halloysite with shorter length o f ca. 0.6 pm and
length/diameter ratio o f ca. 15 which underwent to two-step milling was obtained from
Applied Minerals, Inc. (s-HNT), and none-milled pristine halloysite with full length o f
ca. 1.5 pm and length/diameter ratio o f ca. 30 was purchased from China Henan Province
(1-HNT). Polystyrene sulfonate sodium salt (PSS, MW 70,000) and sodium chloride
(NaCl, 99.99%) were purchased from Sigma-Aldrich and were used without further
treatments. Sodium hydroxide (NaOH, 1 M) and hydrochloric acid (HC1, 1M), prepared
from analytical grade chemicals, were purchased from Sigma-Aldrich and used for pH
adjustments.
6.2.2

Preparation o f PSS/HNTs Hybrid for Surface Charge Enhancing
Two grams o f PSS were dispersed in 100 raL o f deionized water in a flask and

stirred for 30 min to form a homogenous suspension. Then, s-HNTs or 1-HNTs (2 g) were
added gradually under continuous stirring in this solution, magnetically stirred for 48 h at
room temperature and left standing for 1 h to precipitate the aggregates. The individual
HNTs were dispersed in the bulk, while the impurities and aggregations precipitated at
the flask bottom. The supernatant dispersion was collected and then centrifuged at 5000
rpm for 10 min. The precipitated halloysite was washed 3-4 times with deionized water
until it became neutral. Finally, the obtained solid was dried in a vacuum drier for 24 h
and crushed into powder by mortar before use. The samples were denoted as PSS/s-HNTs
and PSS/l-HNTs, respectively.
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6.2.3

Droplet-Casting Method
Pristine HNTs and PSS-functionalized HNTs aqueous dispersions were prepared

by adding HNTs, PSS/s-HNTs or PSS/l-HNTs into deionized water and ultrasonicated
with a power level o f 70 watts per gallon for 5 min (the concentrations ranged from 0.01
to 100 mg/mL). These aqueous dispersions can be considered physically stable because
the ^-potential o f both pristine and functionalized halloysite is above 30 mV (in absolute
value). The “droplet-drying” process was carried out by dropping 20-100 pL o f the
dispersions onto a silicon wafer substrate and drying it at selected temperatures (25, 65,
and 90° C). Ionic force and pH o f the dispersions were changed by adding NaCl, NaOH
and HC1, respectively.
6.2.4

Instrumentation

6.2.4.1

Zeta-potential and Dynamic Light Scattering
^-potential and dynamic light scattering (DLS) measurements were carried out by

using microelectrophoretic ZetaPlus Potential Analyzer (Brookhaven Instruments) at 25.0
± 0.1° C. For this, diluted aqueous dispersions o f pristine and functionalized halloysite
(ca. 1 pg/mL) were transferred into the special cell and electric field was applied causing
the movement of negatively charged nanotubes toward the cathode, ^-potential o f the
particles was determined by the Smoluchowski formula. For all o f the systems, the fieldtime autocorrelation functions were well described by a mono-exponential decay process,
which provides the rate ( / ) correlated to the apparent diffusion coefficient A . A is
calculated using the following Eq. 6-1:
A = ---------—'-----------------------------------[4mA sin(0/2)]

Eq.
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where n is the water refractive index, 8 the scattering angle (90°), and X the wavelength
(632.8 nm).
6.2.4.2

Thermoeravimetrv
Experiments were performed by using a TGA Q50 (TA Instruments) under

nitrogen flow o f 25 cm3/min for the sample and 10 cm3/min for the balance. The explored
temperature interval ranged between 25 and 900 0 C at a heating rate o f 10° C/min. The
loading o f the polymer in the PSS/HNTs hybrid was determined from the residual mass at
600° C by taking into account the water content as reported in the literature [54].
6.2.4.3

Contact Angle
Contact angle experiments were performed by using an optical contact angle

apparatus (OCA 20, Data Physics Instruments) equipped with a high-resolution CCD
camera and a high-performance digitizing adapter. SCA 20 software (Data Physics
Instruments) was used. For the study o f the evaporation kinetics, a sessile droplet
(volume was 10.0 ± 0,5 pL) o f modified halloysite dispersion was deposited on the
silicon wafer substrate. The concentration o f the dispersion was 6 mg/mL and
temperature 25.0 ± 0.1° C both for the support and the injecting syringe. During the water
evaporation, the evolution of the contact angle, contact radius and droplet volume were
monitored. Images were collected 25 times per second for up to 15 mins. The wettability
o f 1-HNTs and PSS/l-HNTs solid pellets was also determined by measuring their initial
contact angle with the sessile drop method.
6.2.4.4

Polarizins Optical and Scannins Electron Microscopies
The orientational processes were investigated using an Olympus BX-50 polarized

light microscope under crossed polarizers during a 360° rotation o f the sample. Images
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were captured with a micro scope-mounted di gital camera (Olympus C-4000 Zoom).
After drying the droplet on the silicon wafer, it was mounted on a specimen holder (stub)
glued with carbon tap for scanning electron microscopy (SEM) observations in the
secondary electron imaging mode by using HitachiS-4800 with an accelerating voltage o f
3 kV. All the samples had been mildly annealed to reduce charging effects before being
put into the SEM chamber. All SEM micrographs are related to the edge o f the deposits.

6.3
6.3.1

Results and Discussion

Functionalization o f Halloysite
Onsager assumes that the only nanorod's interaction is o f the steric type, meaning

that they are individually dispersed [135]. Thus, obtaining sufficiently stable and
dispersible colloid suspensions in water is a significant issue for clay nanotube

orientation by drop-casting. We functionalized halloysite tube lumen with an anionic
polymer, which is selectively adsorbed on the positive alumina surface o f the innermost
part o f the nanotube due to electrostatic interacti ons. Specifically, both long and short
pristine halloysite nanotubes (1.5 pm 1-HNTs and 0.6 pm s-HNTs) were modified with
poly (styrene sulfonate) (PSS). The polymer loading was 5.1 ± 0.5 wt%, which indicates
that the nanotubes are almost fully filled with PSS considering that the halloysite lumen
is ca. 10% o f the tube hole. The addition o f PSS does not change the surface wettability
of the clay (Table 6-1) and pristine and inner-functionalized clay nanotubes possess
similar hydrophilicity.
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Table 6-1: Physico-chemical properties o f pristine and PPS modified halloysite (s-short
and 1-long), data error 5% [128].
Materials
s-HNTs
PSS/s-HNTs
1-HNTs
PSS/l-HNTs

A x lO 12
(m2/s)
1.1
1.1
1.2
1.1

^-potential
(mV)
-38
-81
-36
-64

Initial water
contact angle (°)
20
20
21
21

This finding proves the selective modification o f the halloysite inner surface (the
presence o f PSS on the outer surface would determine an increase o f the nanoparticles’
hydrophobicity because of the polymer chains). Moreover, Table 6-1 shows that the
diffusion coefficient A o f both short and long nanotubes is not influenced by the PSS
functionalization, indicating that the hybrids do not aggregate in agreement with the
absence o f hydrophobic attractive interactions generated by the chains o f PSS. This

makes the modified halloysite suitable for self-assembly by drop-casting, ^-potential data
revealed that the charge o f clay nanotubes is not influenced by their length, while the
modification with PSS determined an increase o f the net negative charge from 36-38 to
64-81 mV (Table 6-1). This result agrees with the entrapment o f the anionic polymer into
the halloysite lumen and neutralization o f its inner positive charges. Similar findings
were observed for anionic surfactants/HNTs hybrids [54], Based on the Derjaguin and
Landau, Verwey and Overbeek (DLVO) theory [145], the increase o f halloysite £potential after the modification improves the colloidal stability o f the nanorods because
o f the enhancement of the repulsive interactions. Both long and short pristine halloysite
nanotubes’ (1-HNTs and s-HNTs) aqueous dispersions o f 10 mg/mL started to precipitate
after 1 hour, and almost all tubes sediment after 12 hrs, e.g. the original halloysite clay
nanotube colloids were unstable (Figure 6 -la). However, after modification with PSS, no
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halloysite precipitation or aggregation occurred during the first hours, and only tiny
sediment appeared after 24 hrs, allowing for stable colloidal dispersion for more than four
weeks. SEM analysis o f PSS/l-HNTs droplet on the silicon wafer after complete drying
showed the high quality o f the alignment at the droplet edge (Figure 6 -lb). This indicated
on the sufficient dispersion stability o f PSS/HNTs for self-assembly.

P 8 4 6 0 0 5 Ck j 4 3m rp ,«1tt 0 - ofc.< Lft 9 C 3 /? v h 3

I-HNTj

s-HNTs

PSS/l-HNTs

PSS/s HNTs

Figure 6-1: (a) Images o f pristine and modified halloysite dispersion after 0 and 24 hrs,
(b) SEM images o f PSS/l-HNTs film after water evaporation at the edge o f the droplet on
a silicon substrate [128],

6.3.2

Evaporation o f Halloysite Droplet on Substrate
Drops of isotropic phase o f pristine and PSS-modified halloysite were placed onto

a silicon substrate to study self-organized structures o f the nanotubes. Optical
micrographs o f dried droplets (Figure 6-2a) indicate the formation o f a “coffee-ring”
deposit in the periphery due to the outward capillary flow that occurs during the water
evaporation. Typically, the film’s thickness for dried droplets at the coffee ring edge was
3.5 ± 0.5 pm, the center was 1.0 ± 0.2 pm, and the droplet’s diameter was 2.5 ± 0.5 mm.
This phenomenon is ascribable to the pinning o f the contact line between the droplet and
the substrate which agrees well with the evaporation kinetics. The contact angle and the
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volume decrease linearly over time, while the droplet contact radius was constant (Figure
6-2b--c). These trends indicate that the three-phase contact line is steadily pinned to the
solid substrate as the drop evaporates. The hydrodynamic flow into the droplet drives the
dispersed nanotubes to the edge concentrating suspension around the rim. Namely, if the
droplet consists o f a dilute suspension o f pristine or functionalized HN Ts, many o f the
nanotubes will be shuttled toward the droplet edge, thus increasing the local
concentration there
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Figure 6-2: Droplet evaporation o f 10 pL droplets for 6 mg/mL PSS/l-HNTs dispersions
on a silicon wafer: (a) Optical micrographs o f droplet after complete evaporation, (b)
Images o f droplets for PSS/l-HNTs dispersion during the evaporation, (c) Dependence of
volume, contact radius and contact angle o f the droplet on time. These data were
collected until the proper interpolation o f the droplet contact line was clearly carried out
[128],

When the local concentration at the droplet periphery increases up to a critical
value, the nanotubes may transition to a liquid crystalline phase and will also align
parallel to the edge [140]. The parallel orientation is mostly due to the development o f a
flow-induced torque on the nanotubes as one o f their ends becomes pinned by the contact
line, and therefore, their axial flow directions change to parallel the edge because o f the
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geometrical constraints (Figure 6-3). This is due to the frictional force between the
substrate and the tubes in suspension coupled with accelerated evaporation at the contact
line. The alignment o f the first nanotubes that reach the edge is due to their induced
torque rotation [140, 146]. Once this happens, other nanotubes from the suspension can
accumulate onto the halloysite already located on the triple line upon evaporation o f the
liquid [146]. The ordering from the periphery to the inner region can be obtained by
increasing the nanotubes’ concentration beyond the critical value, as expressed by the
Onsager theory.
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Figure 6-3: Sketch o f the flow for halloysite nanotubes and correspondent SEM images
of the sections o f the dried dispersion droplet [128].

6.3.3

Liquid Crystalline Phase
Figure 6-4 shows the formation o f a ring-like liquid crystalline deposit along the

perimeter o f the droplet. The birefringence observed over the ring area indicates the
presence o f a nematic liquid crystalline phase with aligned nanotubes. The dark region in
the center shows the isotropic phase (disordered). The different degree o f ordering moves
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from the center to the edge. Figure 6-4b highlights the transient isotropic/nematic region
toward the edge o f the dried droplet.
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Figure 6-4: Polarized optical images o f PSS/l-HNTs at 6 mg/mL after the droplet 65° C
drying (a-whole view and b-edge section) [128].

The topological defects in the orientation, referred as disclinations, have been
identified as common and distinctive characteristics in liquid crystal. The disclination
pattern further indicates the transition from isotropic to liquid crystal phase during
evaporation. Namely, the nanotubes are aligned to form the director pattern around the
disclination core (Figure 6-5). On the basis o f the Frank elastic continuum theory [147],
the disclinations represent arrangements o f minimum energy and they are distinguished
by their strength (m), which corresponds to the number o f rotations (in multiples o f 2n)
over a path encircling the disclination, and a valve o f constant parameter (p), which
relates the axial position in the plane around the disclination core (polar angle 6) and the
director orientation angle <p. Eq. 6-2 is appropriate for the simplest case, and it is
generally used for the characterization o f the disclinations in liquid crystal films [148] :
(p(9) = m d + p .

Eq. 6-2
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Figure 6-5: SEM images o f axial disclinations in dried droplet o f PSS/l-HNTs,
concentration 20 mg/mL, drying at 65° C: (a) The hyperbolic disclination, m = -1/2, (b-c)
the parabolic disclination, m = +1/2, (d-f) the circular and the spiral disclinations m - + 1
[128],

According to the equation, for a two-dimensional ordered liquid crystal there are
two types o f disclinations with half integer strength (m = ± 1/2): one positive (the
parabolic disclination) and one negative (the hyperbolic disclination). On the other hand,
for m = ± 1 one negative pattern (hyperbolic with 4-fold symmetry) and three positive
patterns (radial, circular and spiral) can be expected. The energy related to the
disclinations depends on m2. Therefore, the half-integer strength disclinations are
topologically more stable than the integer defects [132,142].

106

Figure 6-5 reports the types o f disclinations observed for dried deposits o f PSS/1HNTs. Most disclinations possess m - ± 1/2 in agreement with their higher stability
(Figure 6-5a-c). The presence o f a few disclinations with m = +1 (Figure 6-5d-f) could be
due to the impurities or short broken tubes in the center o f the core that stabilize the
defects against the energetically favored dissociation m(+ 1) —* m(+ 1/2) + m(+ 1/2)
[135]. The latter can be attributed to high polydispersion o f halloysite. The disclination
pattern is another evi dence o f the transition from isotropic to liquid crystal phase during
evaporation.
6.3.4

Clay Nanotubes Self-Assembly by Drop-Casting
In order to understand the mechanism controlling the self-assembly o f the clay

nanotubes during the droplet evaporation, we investigated the effects o f the halloysite
concentration, length, surface charge, pH and salt addition, and temperature.
6.3.4.1

Effect o f Particles ‘ Concentration
The degree o f alignment was highly dependent on the initial concentration o f the

nanotube dispersions. At very low concentration o f 0.01 mg/mL, PSS/l-HNTs did not
assemble into ordered phases (Figure 6-6a). Rods/tubes dispersion must reach a critical
concentration for transition from isotropic to nematic phase and be self-assembled at the
three-phase contact line (interface between vapor, substrate and solution) as the solvent
evaporates [142, 149]. Considering that the majority o f nanotubes in dispersion
condensed in the “coffee-ring”, the critical concentration should be the minimum amount
which ensures an effective assembly in the edge region. We found that to obtain a
complete alignment, the initial concentration must be above ca. 0.05 mg/mL.
Interestingly, the ordering is favored at higher concentration (Figure 6-6b-d). This is in
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contrary to the ordering results for carbon nanotubes and may be attributed to the
rigidness and straightness o f halloysite nanotubes [140]. A higher concentration increases
the number o f nanotubes at the contact line, thus amplifying the frictional force between
the solution and the substrate. The larger frictional force requires a larger capillary force
in the contact line, resulting in a wider ring and better alignment from the edge to center
o f the droplet [136].

Figure 6-6: SEM images o f the dried droplet edge o f PSS/l-HNTs at different
concentrations: (a) 0.01, (b) 0.1, (c) 10, and (d) 100 mg/mL (drying temperature 65° C)
[128],

6.3.4.2

Effect o f the Tubes ’ Length and Charge
Figure 6-7 shows typical SEM micrographs for the distribution and alignments o f

pristine and PSS-modified (strongly charged) halloysite after droplet drying. Both short
and long pristine halloysite nanotubes (lower charged with ^-potential o f -36 mV) were
randomly distributed after water evaporation (Figure 6-7a-b). On the other hand, PSSmodified halloysite nanotubes with £, = -81 mV have showed a higher ordering degree.
PSS/s-HNTs organized into short range ordered alignment, while a better organization
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was found for longer PSS/i-HNTs (Figure 6-7 c-d). Similar results were observed in
suspensions o f shorter and longer carbon nanotubes [140,150]. These observations are in
agreement with the Onsager’s theory [149] by considering that the excluded volume
interactions between the tubes in a given volume are dependent on their length. Namely,
the critical concentration for the isotropic/nematic transition decreases with the length o f
the nanotubes. The entropy o f the nematic phase is maximized with the long-range
orientation o f the nanotubes.

Figure 6-7: SEM images o f the dried droplet edge, concentration 6 mg/mL, drying
temperature 65° C: pristine low charge tubes (a) s-HNTs, and (b) 1-HNTs; enhanced
charge tubes (c) PSS/s-HNTs, (d) PSS/l-HNTs [128],

For a better understanding, we determined the orientational order parameter S
using Eq. 6-3 for PSS-modified halloysite from high magnification SEM images
considering a two dimensional (2D) system:
S = 2 cos2 <p-\

Eq. 6-3

where (p is the average angle between the optimal aligned direction and the main tube
axis. The orientational order parameter S ranges between -1 and 1 with large absolute
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values representing a higher order. The sign o f S is positive if the nanotubes tend to align
parallel to the average orientation and negative if they tend to orient perpendicular to it.
We calculated S = 0.56 and S ~ 0.90 for short and long PSS modified halloysite. Given
that for monodisperse uncharged and rigid rods, the Onsager theory predicts S ~ 0.7 at the
isotropic/nematic transition [149]; we concluded that long nanotubes functionalized with
PSS show a very high degree o f ordering (nematic phase) on a large scale range. This
result can be attributed to the enhancement o f the halloysite surface charge that affect the
excluded volume interactions between the nanotubes and, consequently, the orientational
ordering.
6.3.4.3

Effect o f pH and Ionic Strensth
pH o f halloysite aqueous dispersions is a crucial factor for the nanotubes’

alignment. Long 1-HNTs display a disordered pattern at pH = 3-4 because the SiCh
surface of the halloysite is discharged (halloysite isoelectric point is 3.5). The tube £potential is -15 m V at pH 3-4, which is much lower than the colloidal stability o f ±30
mV. However, when pH is above 5, the tube ^-potential reached minus 70-80 mV and
highly ordered structures were formed. These results suggest that the halloysite self
alignment highly depends on its charge and colloidal stability. This is attributed to
columbic repulsion between negatively charged tubes, preventing random agglomeration
and allowing for space and time for the tubes’ alignment. Nanotube aggregation at low
pH can be reversed by tuning the solution pH back up to 5-6 with diluted NaOH and mild
sonication. No difference in the halloysite dispersions was identified when the pH was
raised to 5 and up to pH 9, which is in agreement with constant ^-potential o f -80 mV in
this region (Figure 6-8).
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Figure 6-8: SEM images o f the dried droplet o f 6 mg/mL PSS/l-HNTs dried at 65° C, at
variable pH: (a) 3, (b) 4, (c) 5, (d) 9 [128].

An increase o f ionic strength plays a similar role for nanotubes alignment
diminishing columbic repulsion. This also determined a reduction o f PSS/l-HNTs
ordering (Figure 6-9) due to the screening effect o f the salt on the nanotubes. An addition
into the halloysite dispersion o f 0,1 M NaCl destroyed an orientation o f the nanotubes in
agreement with the decline of the ^-potential from -81 mV to -25 mV. The colloids were
destabilized and tubes randomly aggregated in a few minutes after the addition o f NaCl.

Figure 6-9: SEM images o f the dried droplet edge o f PSS/1-HNT tubes: (a) without NaCl
and (b) with 0.1 M o f NaCl (concentration 6 mg/mL, drying temperature 65° C) [128].

Ill
6.3.4.4

Effect o f Temperature
The evaporation temperature has a profound effect on the formation o f the

nematic phase o f the tubes. Slow evaporation rate at low temperature (25° C) leads to
random aggregation in the internal region outside o f the “coffee-ring” area. In contrast,
the faster evaporation at temperatures o f 60-90° C leads to good tube alignment in the
whole droplet area (Figure 6-10). This may be related to the kinetic effect and
competition between entropic and energetic driving forces. The rotational and
translational diffusion constants (D ,) for rod-shaped particles in dispersion rely on
temperature as A 00 T/t]s, where rjs is the shear viscosity. On the one hand, tjs is supposed
to be decreasing with an increase in temperature without considering evaporation because
the system becomes freer, effectively giving more time to lower the system’s free energy.
On the other hand, when evaporation rate is considered, tjs increases with temperature
increase because faster evaporation rate leads to a faster decrease o f volume, which will
limit the movement and rotation o f the halloysite. Based on the results, the combination
of these factors influences the alignment o f PSS/halloysite under different temperature.
The improvement in alignment with elevating temperature in our observation indicates
that the parallel aligned tubes are thermodynamically stable. It is well-known that hard
rod-shaped particles in the droplet spontaneously undergo a transition to orientational
ordering when the solvent volume shrinks due to evaporation because the gain in
positional entropy is more than the loss in rotational entropy [140],
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Figure 6-10: SEM images o f the dried droplet o f 6 mg/mL PSS/l-HNTs dried at variable
temperatures: (a) 25° C, (b) 65° C, (c) 90° C [128],

6.3.4.5

A pplications for Capillary Orientation
To demonstrate the utility o f the technique to control the clay nanotube

orientation, we fabricated continuous aligned layers using evaporation technique with
capillary and shear forces. Firstly, microchannels with 5 pm depth and 100 pm width
were fabricated onto the silicon wafers substrate by the Reactive Ion Etching (RIE)
method in the clean room. A large droplet o f the nanotubes’ dispersion on top o f a 100pm microchannel pattern resulted in aligned nanotubes along the periodic microchannels
after evaporation.
Secondly, a microfluidic device was created by pressing 5 pm channel silicon
wafer into PDMS plate, then covered by a glass slide. Droplets o f halloysite dispersion
was injected into the PDMS microchannels resulting in a high degree o f alignment o f the
nanotubes in the direction along the channels after drying (Figure 6-11). During drying,
all nanotubes contained in the droplet deposit on the substrate are assembled on the
PDMS stripes generating multilayered superstructures o f densely packed nanoclays. This
process is due to the fact that most o f the particl es are transported to the edge o f the
droplet and, therefore, the nanotubes come into contact with each other under the
influence o f capillary forces. Moreover, the entropic interactions should be considered to

explain the alignment along the stripes [149]. For higher particles’ density, the nanotubes
assemble side by side in order to minimize the excluded volume reducing the orientation
entropy [149]. The scale range o f the orientational ordering depends on the concentration
o f the aqueous suspension. Figure 6-1 lb shows the formation o f multilayers o f aligned
nanotubes moving from the PDMS stripe-substrate interface to the center o f the PDMS
channel. Similar multilayers structures were reported for spherical [151] and tubular
[152] gold particles.

Figure 6-11: SEM images o f PSS/l-HNTs films oriented in 5-pm channel, concentration
100 mg/mL [128],

PDMS mold technique allowed us to design different micropattems for studying
the alignment of the nanotubes. A thin PDMS film with a round shape cut off was bonded
onto the silicon substrate, followed by the dropping o f nanotube dispersions and drying.
When the PDMS mold was removed, well-ordered arrays o f nanotubes were observed on
the silicon wafer within the designed spots. It would be very interesting to get the
nanotube alignment by pen writing with halloysite ink because the nanotubes have a
tendency to align along the mechanical shear force direction. This approach may be a
simple method for printing o f aligned nanostructures. All the above techniques have to be
accomplished with controlled evaporation process.

114

6.3.5

Thermodynamic of the Halloysite Nanotubes Orientational Phenomena
The halloysite clay nanotube alignment can be explained by the Onsager theory

[30,143, 149]. It states that the isotropic to nematic phase transition stems from the
competition o f rotational and translational entropy. In the diluted suspension, each
nanotube can move freely without restriction by neighboring tubes, resulting in random
orientation and maximum rotational and translational entropy. With the increase o f the
concentration, the randomly oriented nanotubes crowd together limiting their
translational freedom. The total entropy is maximized by aligning the nanotubes when
critical concentration is reached, increasing the translational entropy by sacrificing the
orientational one. The critical concentration (c,.„) required for the isotropic-nematic
transition is expressed by the following Eq. 6-4 [149]:
Eq. 6-4

where ct-„ is the critical concentration expressed as number density, L is the length, and
Deffis the effective electrostatic diameter, which takes into account the nanorods charge.
Given that the isotropic-nematic transition is a dynamic process, the ordering of
halloysite is favored for longer nanotubes. De/f o f charged rods is larger than that o f
uncharged rods by an amount proportional to Debye screening length.
Consequently, the enhancement o f the halloysite surface charge determines an
increase of De/j shifting to a longer range, the average distance between the nanotubes.
Accordingly, the modification o f halloysite cavity with PSS, which causes a large
increase o f halloysite ^-potential, leads to ordering because o f the very strong repulsive
interactions between the nanotubes. Within this, the influence o f pH and ionic strength on
the nanotubes alignment is crucial: for pH > 5, De/f is larger favoring the tubes ordering.
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An increase o f the ionic strength determines a decrease o f Dejf (because o f the screening
effect), and the nanotubes alignment is disadvantageous.

6.4

Conclusions

With the droplet-casting method, we obtained highly ordered patterns o f
halloysite nanotubes. An evaporation o f a droplet o f halloysite isotropic dispersion on
wettable substrate determines the formation o f a “coffee-ring” deposit due to the pinning
o f the contact line, and halloysite nanotubes are aligned along the edge. The presence o f
disclinations on the deposited pattern confirms the transition from the isotropic to liquid
crystal phase during solvent evaporation. The concentration o f the nanotube aqueous
dispersion is crucial to determine the ordering on the rim. The degree o f alignment may
be controlled by changing the length and the charge o f the nanotubes as well as by the
ionic strength and pH o f the solvent. We demonstrated that the modification o f the
halloysite inner cavity with anionic poly (styrene sulfonate) leads to better ordering
because o f an enhancement o f the net negative charge o f the nanotubes. Accordingly, the
self-assembly o f the clay nanotubes is favored at basic pH, while the increase o f the ionic
strength causes opposite effects by screening the tube’s surface charge. The mechanism
controlling the halloysite nanotube ordering is explained with Onsager’s theory as well.
The evaporation induced clay nanotubes orientation in the microchannels was also
demonstrated. Although our approach has some limitations, it was the first time to obtain
orientation halloysite nanotubes film and it would give a meaningful guide for
explanation and application o f aligned halloysite nanotubes.

CHAPTER 7
CONCLUSIONS AND FUTURE WORK
7.1

Conclusions

Naturally occurring halloysite nanotube is an economical and versatile clay
mineral with unique physical and chemical characteristics related to its high aspect ratio,
tubular structure, high surface area and opposite charges at the inner and outer surfaces. It
also possesses excellent features, such as biocompatibility, nontoxicity to cells or animals
and environmental friendliness. Functionalization o f halloysite nanotubes highly improve
their performance and thus extend their application in a wide variety o f fields.
1)

Halloysite has been studied as an efficient adsorbent both for cationic and

anionic aqueous dyes. Tubular morphology o f halloysite having negative outermost and a
positive inner lumen allowing the removal o f both positive and negative dyes, which is an
essential advantage as compared with chemically similar platy kaolin. The optimal pH for
Rhodamine 6G adsorption is between 8 and 9, while the acidic solution is in favor o f
Chrome azurol S adsorption. Better adsorption for Rhodamine 6G can be achieved at
higher temperature, indicating the adsorption process is endothermic. The negative
enthalpy o f -28.3 kJ/mol for Chrome azurol S indicates the formation o f hydrogen bond.
In water filter system, the removal efficiency o f the halloysite is higher than most
conventional adsorbents. Halloysite can be regenerated by burning after adsorption and it
can be reused. Dye removal efficiency exceeded 99.9% after five re-use cycles for
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negative Chrome azurol S and 95% for positive Rhodamine 6G. Acid or based treated
halloysite greatly enhanced Rhodamine 6G adsorption due to the selective etching o f the
alumina and the increased surface area. Adsorption mechanisms include electrostatic
interaction, hydrogen bond formation and the dyes’ molecular size and spatial effect, and
so forth. Halloysite surface modification with surfactants and polyelectrolytes shows that
ionic interaction and hydrogen bonding are the major driving forces for the adsorption,
though halloysite grafting with dioctadecyldimethylammonium bromide increased non
ionic hydrophobic interactions. On the basis o f these results, it was concluded that
halloysite could be used as a low-cost and effective adsorbent for both positive and
negative dyes.
2)

We elaborated on the use o f halloysite nanotubes as a shape stabilizer and

additive in the phase change materials. Doping o f halloysite clay nanotubes into the phase
change material wax provided a skeleton to maintain the wax’s shape during heat
absorption and phase transition even when the temperature o f the phase change material
exceeds the melting point. This capability offers a potential choice to improve the overall
energy efficiency for buildings or systems. The thermal conductivity o f wax is also
improved by adding halloysite, and it can be further adjusted by adding graphite or
carbon nanotubes to the wax/halloysite composite.
To study the real world application o f this phase change material, a double layer
structure building wall with different thermal conductivities was tested. This multilayer
organization allowed vectorial heat transfer preferably in the chosen direction. Smart
building roof composite is suggested which can maintain the building’s interior
temperatures by appropriate arrangement o f the layers. Due to good thermal stability,
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high thermal conductivity, ability to preserve the shape during wax melting, and abundant
availability o f this natural tubule clay, the phase change insulation composite based on
halloysite could be used to conserve energy in large scale practical applications. Shear
induced orientation o f the halloysite in composites with wax was demonstrated.
3) Highly ordered halloysite nanotubes were obtained with the droplet-casting
method. A droplet o f halloysite dispersion on the substrate can form a “coffee-ring”
deposit after evaporation due to the pinning o f the contact line, and halloysite nanotubes
are aligned along the edge. Halloysite clay nanotubes ordering on a solid substrate may
be controlled by optimizing the assembly conditions (tube length, concentration, ionic
strength, pH, and temperature) for their directional alignment. Better nanotube orientation
during drying is obtained at the droplet edge with increased halloysite concentration
(“coffee-ring” effect). The alignment mechanism was described and optimized based on
O nsagef s phenomenon description. T he technique for orientation o f the nanotubes in the
microchannels and through micropatteming was also suggested. Further work is ongoing
to implement oriented halloysite nanotubes in polymeric materials for high performance
polymer/halloysite composites with anisotropic properties. Although our approach has
some limitations, it is the first time obtaining orientational halloysite nanotubes film. This
method would give a meaningful guide for the explanation and application o f aligned
halloysite nanotubes.
4) The dissertation results were published in four peer reviewed papers, five
conference proceedings, and reported at 11 national and international conferences.
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7.2

Future Work

Halloysite nanotubes, as a good dyes adsorbent, have unique physiochemical
characteristics which provide them huge advantages over other conventional adsorbents,
including expensive carbon nanotubes and layered clays. The combination o f opposite
charges in inner and outer surfaces makes halloysite an excellent candidate for adsorption
both positive and negative ions/molecules, so in that respect, halloysite could be used as
an adsorbent for mixture o f positive and negative dyes. Therefore, we will focus on
further modifications o f halloysite nanotubes to improve adsorption capacity and
adsorption for both positive and negatives dyes. Besides, other pollutions, such as heavy
metals, drugs can also be studied for their adsorption by halloysite nanotubes.
Furthermore, halloysite nanotubes may be used for gas storage in their inner lumen.
Second, halloysite nanotubes can increase the shape stability o f the phase change
material wax even above its melting temperature, and it also improve the thermal
conductivity o f the wax. We have studied the thermal performances o f halloysite/wax
phase change materials, but they are based on ideal experiments in laboratory. We still
need to concentrate on the real world application for the wax/halloysite composites. It has
been suggested that we make several layers o f phase change composite materials with
different thermal conductivity and test the use in building applications.
Third, the alignment o f halloysite nanotubes is a completely new direction with an
amplitude development room. A droplet-casting method is used to align halloysite
nanotubes under the effect o f “coffee ring”. Some other methods, such as spin-coating,
writing by pen, and liquid or gas flow will be investigated in the future. The dynamic
alignment o f halloysite should also be studied, such as using higher viscosity glycerol as

a solvent instead o f the water solution. Halloysite nanotubes have good orientation in the
microchannel, so the applications o f this novel feature should be explored. For example,
the aligned halloysite nanotubes may change the electrical, mechanical and magnetic
properties o f the materials like semiconductor and rubber.
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